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English-speaking chemists, the translatoi- hopes that he is 
thereby making Prof. Werner*s book of greater use to them. 
The book is a veritable mine of suggestions for research on 
Inorganic Chemistry, and should this translation bring home 
to any one the great possibilities of research in this direction, 
then the translator has attained his desire. 

In the present translation the incorrect formula? Avhich 
crept into the second German edition have been rectified, 
and the translator wishes to acknowledge his indebtedness 
to the author for his help in this dii*ection. The author 
has added also some ucav references relating to work which 

has been ^mblished since the appeai'ance of the German 
oi'iginal. 

E. P. H. 

The UmvERsiTY, 

Birmingham, 
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AUTHOR'S PREFACE 

TO THE SECOND GERMAN EDITION 


As compared with the first edition tlie present one has 

been to a great extent rewritten, and in part considerably 
extended. 

The revision had for its chief object the reduction to an 
harmonious whole of the sections discussing the i^roblem of 
valency. I hope that I have been able to bring out more 
clearly the relationships between the apparently very 
diverse conceptions of valency, and thus to lay the founda- 
tion upon which, in the near future, it will be possible to 
build a consistent doctrine of valency. 

The enlargements which the book has undergone consist 
chiefly in the treatment of the different groups of comiiounds 
of higher order. By a more detailed consideration of the 
experimental material, I have tried to make manifest and 
illustrate the importance of the general point of vieAv. 

Further, some new sections (Theory of Bases and Acids, 
Theory of Hydrolysis, Constitution of Polynuclear Metallic 
Ammino-complexes, Theory of Inner Metallic Complex Salts) 
have been added as the fruit of the intervening years. I 
have endeavoured also, by making the references to the 
literature as complete as possible, to i-ender the book useful 
for reference to workers in inoi'ganic chemistry. On the 
whole, however, the book has preserved its orginal charactei*, 
so that even in its revised form the theories which have been 

offered to explain experimental results still occupy the most 
prominent position. 


ZiiBiCH, November, 1908. 


A. WERNER. 




AUTHOR’S PREFACE 

TO THE FIRST GERMAN EDITION 

The advances hi oiir knowledge of inorganic chemistry make 
it increasingly evident that our conceptions of valency, which 
have been so greatly developed by the study of organic 
chemistry', cannot give an adequate pictui*e of the constitu- 
tion of the molecule of inorganic compounds. Consequentlj", 
attempts multiply to obtain, by enlarging the doctrine of 
valency, a bi'oader theoi’etical foundation for the constitu- 
tion of inorganic compounds. Even now it is jiossible to 
discern, though dimly, what form the neiv conceptions of 
valency and of the constitutions of inorganic compounds 
will assume. Such a knowledge, when finally attained, vdll 
teach us the general laivs governing the compounds of the 
elements. It therefore appears useful to arrange, in a com- 
posite foi’iu, those principles which at present are of import- 
ance to our conceptions of the structure and configuration 
of inorganic compounds. In doing this, we fully recognize 
that our new theory is little more than a summary of the 
facts, and from which only just as much should be expected 
as from any other scientific hypothesis, i,e, as Mach puts it, 
tlie rendering possible of an economy of thought and descrip- 
tion. Nevertheless, should these conceptions be replaced 
later by others more perfect, they may have served to pave 
the way for the systematization of the almost innumerable 
facts of inorganic chemistry. It is with this hope that I 
leave to the judgment of my scientific colleagues the follow- 
ing summary of the hypotheses which are of fundamental 
importance for inorganic chemistry. 

A. WERNER. 


Zurich, September^ 1905. 
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I. The Elements. 

1. Tile Conception of an Slement. 

Elements are homogeneous substances which defy decomposition 
by most of our analytical methods. This definition is reached by 
an exhaustive study of the properties and relations of the elements 

one with another. These relations are epitomized in the periodic 
system. 

Modern chemistry postulates that the elements are different 
forms of one and the same kind of matter. This suggestion arises 
not from hypothetical considerations of the unity of matter, but 
from considerations based upon certain characteristic relations 
among the elements. That such relations exist may be ascribed 
possibly to the conditions under which the elements were formed, 
for they would be perfectly incomprehensible were it not supposed 
that they had a common origin. Researches, which appear to show 
the possibility of decomposing some of the elements, offer consider- 
able support to this definition of an element. 

The work of Ramsay has shown that the emanation from 
radio-active substances, according to the conditions under which it 
decomposes, yields helium, neon, or argon. Further, lithium 
salts are produced by the action of radio-active emanation on 
solutions of copper salts. The decomposition products which are 
produced successively from the original radio-active substance are 
characterized by definite radio-active constants.” The dis- 
integration hypothesis is the outcome of the study of these radio- 
active bodies and postulates the spontaneous decomposition of 
radio-active elements into other elements. It would lead us too 
far were we to consider in greater detail this most interesting 
subject, and there is less necessity to discuss it here since there 
exist many good monographs on the subject. 

Yet caution ought to be exercised before the disintegration 
hypothesis is accepted finally, for every scientific philosopher knows 

B 
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how often incorrect deductions are made from quite simple practical 
data and unlimited experimental evidence. On this account it 
must be emphatically stated, that the researches on this subject, 
the experimental results of which are above criticism, cannot be 
considered as conclusively proving the decomposition of the 
elements, and a firmer foundation of our modern ideas on the 
relations of the elements to one another is greatly to b e desm ej, 
The conception of a meta-element, which is a variation of the 
idea of an element, at one time attracted attention, but has now 
been abandoned. In 1887, Crookes suggested that the elements 
were mixtures of substances the reactions of which were extra- 
ordinarily alike, and that the atomic weight of the element 
represented the mean of the atomic weights of the components. 
This view was the outcome of the great difficulties experienced in 
separating the constituents of the rare earths, but to-day has no 
experimental justification. The progress made in the chemistry of 
the rare earths has been so great that there is no longer any room 
to doubt that these mixtures, formerly considered to be inseparable, 
can be broken down into a small number of well-defined elements. 

Oswald has given a new definition of an element from considera- 
tions based upon the phase rule. He defines the elements as 
substances which, under all known conditions, can only form 
hylotropic phases. This definition corresponds completely with 
the usual one, according to which elements are substances from 
which nothing different can be prepared without the addition of a 
new substance. It seems doubtful whether the deductions of the 
stoichiometrical laws, made by Oswald from this definition, will 
prove satisfactory. 


2. The Periodic System. 

The most comprehensive system which gives expression to the 
properties of the elements is that which has been developed chiefly 
by Newlands, Mendelejeff, and Lothar Meyer. Nevertheless, it 
fails to call attention to all the analogies which exist between the 
elements, and on this account many new systems have appeared in 
which it has been attempted, by the rearrangement of Mendelejeff’s 
and Lothar Meyer’s tables, to bring into prominence a greater 
number of the inter-relations of the elements. These new systems 
endeavoured in particular to illustrate the theory that all the 
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elements are evolved from one primordial kind of matter. Attempts 
have also been made to overcome the difiSculties experienced in 
placing the rare earths in Mendelejeff’s and Meyer’s systems. 
We do not intend to discuss the former difficulty, since as yet 
no definite result has been reached. On the other hand, the 
difficulties encountered in placing certain elements in the periodic 
system may be considered in order to indicate a way in which such 
difficulties may possibly be overcome. These difficulties are of 
two kinds. In the first place, they lie in the undoubted fact that 
the properties of certain elements are not those which are to be 
expected from their atomic weights and from their resulting 
position in the periodic system. The properties of these elements 
correspond rather to those of elements which should occupy either 
the foregoing or following position in the periodic table. 

In the table facing p. 6 these elements are enclosed in 
brackets. These irregularities convey the impression that increase 
in atomic weight and periodic change of the properties of the 
element, while occurring together, are in no way connected with 
one another. 

Up to the present such irregularities are only to be found at 
four places of the periodic system, viz. — 


1 

A K 

39-9 39-15 


2 

Co Ni 

59 0 58-7 



127-6 126-85 




143-6 140-5 


A closer examination of these four pairs of exceptions shows 
that they might be divided into two sub-groups, for cases 3 and 4 
are the periodic repetition of cases 1 and 2. Case 1 (argon and 
potassium) comes at the end of the second period, and case 3 
(tellurium and iodine) comes almost at the end of the fourth period. 
Six or seven elements after exception 1 (or 3) the second (or 4th) 
exception is repeated. 

Both the latter pairs of exceptions are further characterized by 
the fact that their salts crystallize in red or green hydrates. The 
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red cobalt salts correspond to the red salts of neodymium, while 
the green nickel salts correspond to those of praseodymium. 
Finally, it is noteworthy that the colours of the cobalt and nickel 
salts, or those of neodymium and praseodymium, are complementary. 
So that even the exceptions to the periodic system show a regularity 
amongst themselves. 

To assign positions to certain newly discovered elements con- 
stitutes the second difficulty of the periodic system. The “ noble 
gases'’ discovered by Ramsay are satisfactorily placed in a group 
contiguous to the halogens. This position has been assigned to 
them on account of the values obtained for their atomic volumes. 
On the other hand, up to the present, the satisfactory grouping of 
the metals of the iron group and of the rare earths appears to be 
almost impossible. Most of these difficulties are not difficulties of 
principle, i,c. they are not to be referred to the nature of the 
metal in question, but rather to that particular arrangement 
adopted to illustrate the periodic occurrence of chemically allied 
elements. 

The principle chosen by Mendelejeff, of bringing analogous 
elements as near as possible together in order to bring out the 
less evident similarities which exist between such elements, has 
been followed by his successors. This procedure has led to a 
crowding together (^IneinanderHcliachtelung) of the elements which 
is harmful to the synoptical character of the periodic system, and 
this is especially true when we consider only the less important 
analogies : the result of equal valencies. This compression of the 
elements into the least possible space is the chief cause of many 
elements not finding a suitable position in Mendelejeff's scheme. 
This remark is particularly applicable to the so-called 8th group, 
and to the metals of the rare earths. It has always been felt 
that Mendelejeff’s system was incomplete in this respect, and 
accordingly attempts have been made to overcome this in- 
sufficiency. Two such attempts have been published by H. Blitz ^ 
and B. Brauner.^ These authors have grouped together certain 
elements, and placed this group in one of the large natural groups. 
The tables of Blitz and Brauner are appended. 

1 Ber., 36 , 562 ( 1902 ). 

* Zeitsch. anorg. Chem.y 32 , 1 ( 1902 ). 



THE ELEMENTS 


S 




6 


A^£lV IDEAS ON INORGANIC CHEMISTRY 


Periodic System of the Elements. (H. Blitz.) 
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Sub-gi'oups. 

2 Ce = La Ce Pr Nd ; 2 Pe = Mn Pe Co Ni ; 

2Pd= Ru Rh Pd; 

2 Pt = Os Ir Pt. 

Both these arraagements assiga a special position to those 
elements which they group together, which does not give sufficient 
expression to their relations to the other elements, and in certain 
directions is contrary to the fundamental principle of the periodic 
law. The grouping together of the elements into groups can, on 
this account, be considered only as a makeshift, and, as already 
mentioned, is to be referred to the attempt to include too many 
analogies in the system. It therefore appears advantageous to 
omit the less important analogies from the natural system of the 
elements, and to consider only their chief characteristics. This 
treatment is all the more justified since it is possible for elements 
to resemble one another in their properties without a close relation- 
ship between such elements being necessaiy. Such broad funda- 
mentals allow of a much less artificial survey of the elements, and 
consequently a much more satisfactory scheme is obtained. (See 
accompanying table.) 

In the first place, such an arrangement shows that the system 
consists of a definite number of elements. These elements probably 
always occur in pairs of series, and the number of elements in each 
pair of series is always greater than the number in the preceding 
pair. Up to the present four different kinds of series can be 
recognised. 1. A very short one, containing only hydrogen and 
helium. 2 The lithium and sodium series, which correspond to each 
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other and contain eight elements apiece. 3. Two series, beginning 
with potassium and rhubidium, both containing eighteen elements. 
4. Two which we can call the cesium and radium series. Of the 
latter only three elements, radium, thorium and uranium, are 
known, but the number of elements to be expected in this and the 
caesium series may be calculated by the following method. When 
the average increase in atomic weight of two consecutive elements 
in any series is estimated, the following results are obtained ; — 


Lithium Series . 
Sodium Series 
Potassium Series 
Rhubidium Series 


1 

. 20-0 - 7 03 = -y-2. = 1-85 

. 39-9 - 23-05 = = 2-4 

. 81-12 - 39-15 = ^ = 2-47 

. 128-0 - 86-04 = = 2-5 


From these figures it is clear that the mean of the difierence in 
the higher series undergoes a regular increase, it being smallest in 
the first series. It can, therefore, be deduced that in the hydrogen- 
helium series the mean difference is about 1-5, so that in this series 
it IS very probable that an element is still to be expected, possibly 
the prototype of the negative elements. The hydrogen-helium series 
accordingly should consist of three elements, and, if it is accepted 
that each series occurs twice, it ought to be considered as the 
second of the shortest series of the periodic system. 

The number of elements in the lithium and sodium series is 
eight, an increase of five elements over the previous series. 

If the homologue of manganese, as yet unknown, is included, 
then the following two series consist, in each case, of eighteen 
elements. The numerical increase over the foregoing series is con- 
sequently ten, i.e. twice the increase of the lithium and sodium 
series over that of hydrogen. 

The caesium series is incomplete, but, with the help of the 
differences deduced ^bove, it is possible to forecast with a fair 
degree of probability the number of elements it ought to contain. 
For this series the average difference must be assumed as somewhat 
peater than that of the immediately preceding series. If we take 
It to be 2-66 and divide this number into the difference between 
the atomic weights of caesium and bismuth 
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Bi Cs 

208-6 - 133 = 75-5 ^ = 29 

2'56 

we obtaia twenty-nine as the number of elements in this series. 
The fourteen elements of the rhubidium series, i.e. Sb to Y and Sr, 
when subtracted from twenty-nine leaves fifteen as the number of 
new elements to be included in this series. These fifteen elements 
constitute the groups of rare earths. 

Wlien the number of elements in each pair of series are com- 
pared with one another, we arrive at the following results : — 

1st unknown and 2nd Series (H (?) He) each contain 3 elements. 

3rd and 4th Series \ ^i-series | each of 8 elements 

1 Na-senes / = 3 -j- 5. 

each of 18 elements 
= 3 -f 5 + (2 X 5). 

each of 33 elements 
= 3 -f 5 + (2 X 5) + (3 X 5). 

A comparison of these figures reveals the noteworthy fact that 
each pair of series differs from the others by a multiple of five. 
That the number of new elements to be included in the seventh 
series is about fifteen is deduced from the interval in the atomic 
weights between barium and the unknown homologue of yttrium. 

Benedicks,^ on an atomic volume curve for the rare earths, has 
shown that these values increase regularly, beginning with caesium 
and ending, as far as we know at present, with bismuth. The pre- 
diction regarding the number of elements to be expected in the 
seventh series therefore receives a certain amount of support. 
Moreover, this new arrangement of the elements shows that the 
higher and longer series are developed from the shorter by the 
insertion of intermediate elements. The properties of the latter 
alter so gradually that they almost seem as if they were variations 
of the two elements between which they are intermediate in posi- 
tion. Accordingly we find that of the intermediate elements of the 
fifth and sixth series — Cu, Ni, Co, Fe, Mn, Cr, Ag, Pd, Rh, Ru, 
and Os appear like variations of the metallic properties of zinc, 
while the others — Ca, Sc, Sr, and Y — in certain properties, e.g. the 
strongly basic character of their hydroxides, approximate to potas- 
sium. The difference between these two groups of elements finds 

' ZeitsdK anorg. Chem.j 39, 41 (1904). 


5th and 6th Series { 

I Rb-series 

7th and 8th Series | 

i Ka-series 
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further expression in their occurrence in nature ; most of the 
former occur in the free state, while the latter are found only as 
oxides. The position, intermediate between potassium on the one 
hand and zinc and gallium on the other, which the elements occupy 
is again brought out in the type of compounds they form. Those 
which resemble zinc and gallium in the di- and tri>valent conditions 
form the same types of compounds as these two elements. Thus, 
for example, Va, Cr, Mn, Fe, Co, and Ni crystallize in isomorphic 
sulphates with the general formula MeSO^’THjO, and also form the 
double salts with the alkali sulphates MeS04*R.^S04*6H20, while Ti, 
Va, Cr, Mn, Fe, Co, Rh, and Sr in the trivalent state form 
isomorphous alums with the general formula Me"* (S04)2R*12H20. 

Those elements which occupy a position nearer potassium, viz. 
Ca, Sc, Sr, Y, no longer possess this property, but rather yield salts 
which closely resemble those of potassium, sodium, and lithium. A 
series of such similarities can be mentioned. Again, since the 
maximum valency of the intermediate elements shows, with increas- 
ing atomic weight, a periodic change similar to that of the elements 
of the previous series, so, in like manner, an agreement is to be found 
in the composition of those compounds which exhibit the maxi- 
mum valency. The isomorphism referred to above constitutes one 
example, others are the agreement in composition between the 
chromates and sulphates, the permanganates and perchlorates, etc. 
Those fifteen elements inserted in the caesium series must occupy a 
position with reference to the previous series, intermediate between 
barium and the homologue of yttrium. This position is assigned to 
them on account of their chemical properties. 

That the rare alkaline earths should exhibit such extraordinary 
similarities in their chemical properties will appear quite natural 
when it is remembered that both Sr and Y closely resemble one 
another. The limits between which variation is possible are so 
narrow that the formation of elements which diflfer sharply from 
one another is no longer possible, and we therefore find that all 
the rare earth metals possess the characteristics of more or less 
positive trivalent alkaline earths. But these metals do not corre- 
spond to those of the aluminium group. This is specially noticeable 
in their inability to form alums and in their much stronger electro- 
positive character. The latter property makes itself evident in the 
neutrality of the aqueous solutions of the salts of lanthanum, 
terbium, and dysprosium. 
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Finally, when we assume, as MendelejefF^ has done, that a 
metalloid element is wanting in the hydrogen series, its analogy is 
found in the five elements intermediate between Li and F, or Na 
and Cl. The five elements form a complete transition series between 
the strongly positive and the strongly negative elements, for they 
are intermediate not only in position but also in their chemical and 
physical properties. 

The result of the foregoing analysis may be summed up in the 
following words : — 

The periodic system consists of series of elements which exhibit 
a periodic relationship, not only in the number which makes up the 
series, but also in the properties of the additional elements. This 
relationship will find an even simpler expression in the results of 
future research on the elements. 


II. The Chemical Compounds. 

A. General Part. — The Doctrine of Valency. 

Our ideas of valency owe their origin to the attempts made to 
obtain a numerical expression for those intramolecular affinities 
which, from the consideration of chemical reactions, are assumed to 
be the cause of the integrity of the molecule. The fundamental 
graphical ideas of valency consequently are constitutional and 
structural formulse. In such formulae the intramolecular attractions 
are represented by lines between the atoms under consideration. 
The number of lines in each case represents the number of elemen- 
tary atoms with which an atom can enter into chemical union, 
and therefore represents the binding value of the latter. This 
binding value is termed the valency of the atom, and we therefore 
have in the doctrine of valency a complete picture, according to 
definite rules, of the theoretical connotations of structural formulae. 

I. The Evolution of the Doctrine of Valency. 

An analysis of the evolution of structural formulae teaches that 
the alterations which they have undergone from time to time have 

* On reading Walden’s obituary notice on Mendelejeff {Chevi. Zeit., 1907), 
the author became aware for the first time that Mendelejefi had predicted that 
a new element of halogen group would be found with the atomic weight of 
three. 
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always aimed at their spacial configuratioa. Moreover, such 
formulae have continually developed towards nucleus formation, in 
that one definite atom became the central atom. As a result the 
number of valencies, on this central atom, were gradually increased. 
A direct outcome of this progressive development in structural 
formulae was the increase in the numerical valency value attaching 
to an atom. 

To illustrate the facts the phases in the development of structural 
formulae and of the doctrine of valency are briefly reviewed in the 
following paragraphs. 


1. The Development of Structural Formulae. 

'-Cj In their original formulation the atoms of chemical compounds 
were assigned an equal value (Gay Lussac). The first change came 
with the introduction of the conception of polybasic acids and poly- 
acidic bases. It had long been known that certain bases possessed 
the property of being able to saturate more than one molecule of 
acid. This observation had received little notice until Williamson, 
in 1851, redirected attention to it by formulating such polyacidic 
bases as condensed water types. He supplemented this idea by 
pointing out that polybasic acids also existed, in which the hydrogen 
atoms could be replaced either by basic or acidic residues. On 
working out those substitution processes more fully it was recog- 
nized that certain elementary atoms could form basic or acidic 
oxygen compounds, of the condensed water type, containing several 
replaceable hydrogen atoms. Hence, in the extended theory of 
condensed water types, we have for the first time in the history of 
chemistry the possibility of classifying chemical compounds on the 
basis of .structural formulae. As an example of the change thus 
brought about in the formulation of chemical compounds, the case 
of ferric-hydroxide may be quoted. Formerly Formula I. repre- 
sented this compound \ now, as in Formula II,, the iron atom is the 
central atom — 


I II 

/OH 

Fe— OH Fet^OH 

\OH 

The next step in this development came with the “nucleus- 
formulas * of sulphuric acid, perchloric acid, etc. As a result of this 
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new method of Meriting formulae, numbers of structural formulfe 
which earlier were written as chains were transformed into “ central ” 
formulie. The great change thus brought about in the graphic 
representation of many compounds can be best appreciated by 
placing these different formulae side by side — 


H,SO, ; H— 0— O— S— 0— 0— H 
HCIO,; H— 0—0— 0—0— Cl ; 




0 






0-H 


This metamorphosis from the chain to the nucleus formulae was 
only recently placed upon a firm basis. By means of the new 
methods for the determination of molecular weights, it was shown 
that salts in which the metallic nucleus exhibited different valencies 
contain only one such nucleus, and this was proved to be true irre- 
spective of the degree of unsaturation of the metallic atom. When 
this has been demonstrated the last residue of the chain formulae, 
which had survived from the time of constant valency, was laid 
aside and no longer applied to simple inorganic compounds. By 
taking ferrous chloride as an example, this change can be represented 
thus : 




However, large classes of compounds which at that time it 
appeared impossible to represent by central formulae remained un- 
touched, while simpler formulae were being assigned to the other com- 
pounds. An attempt to prepare such formulae would then have been 
quite useless, because the experimental material was still incomplete 
and the necessary collection of facts was wanting. The classes of 
compounds referred to are the metal ammonium salts, the hydrates, 
and the double salts. The properties of these compounds are 
developed in the following pages. 

Independently of one another, Blomstraud,^ for the metal 
ammonium salts and the double salts, and Wurtz,^ for the hydrates, 
developed formulae which present a striking resemblance to the 

* GJiemie der Jetztzeit. Heidelberg, 1869. 

* La Th4orie Atomique. Paris, 1879. 
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ch ain formulte of sulphuric a nd perch loric acids ; for, strange .fco_say, 
it .was Bloomstra nd whQ....by-bi.s-pftnft tratmg n,Tifi expert criticism, 
showed the chain formulie of sulphuric acid to be untenable. 

The following examples will serve to illustrate these formul£e : 

C0CI2 . 6NH3 : Cl— NH3— NHg— NH3— Co— ISTHg— NH3— NH3— Cl 

/HoO — HgOv 

CuSO^ . 5H.0 : SO, . Cu<( >H20 

H2O/ 

Compare with these formulae the corresponding ones of potassium 
sulphate and potassium platinochloride — 

K— O— O— S— O— O— K ; K— C1=C1— Pt— C1=C1— K 


The consideration of these formulae shows that the theoretical 
treatment of molecular compounds” had reached the same stage as 

valency compounds ” reached before the statement of the conception 
of variable valency. 

A light is therefore thrown upon the evolution of our conceptions 
of the construction of the molecule, by showing that the accurate 
investigation of these molecular compounds has followed an exactly 
similar process of reformation in structural formul®, as had already 
taken place in the chain formul® of valency compounds. 

In place of the chain formul®, which were inadequate to explain 

the newly discovered properties of molecular compounds, others have 

been proposed which assigned a central position to the metal atom. 

These central formul® give better expression to the stability and 

properties of the molecular compounds than the older formul® 

admitted of. The rearrangement in graphic representation which 

such molecular compounds have undergone will be clear on com- 
paring the following examples : 

Cl— NH3— NH3-NH3— C0-NH3— NH3~NH3— Cl 

Cl\ 

C,/Co-NH3_NH3-NH3-NH3-C1 

Chain formulae. 


NH3\ /NH, 

Lnh,x \nh3 


Cl, 


Cl 
NH3 

NH3. 


Cl 

:Co^NH 

\nh 


3 

•3 J 


Cl 


Nucleus formul®. 

The analogy between these rearrangements, widely separated in 
point of time, but important to the uniformity of structural formul®, 
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becomes clearer by placing in their proximity the analogous 
formulae : — 


K— 0— 0— S— O— 0— K 

K— C1=C1— Pt^Cl-=Cl— K 



2. The History of the Conception of the Valency of the 

Elementary Atom. 

As already mentioned, every remodelling of structural formulae 
led to a further development of the conception of valency. This 
conception was introduced in the science by the theoretical applica- 
tion of Williamson’s principle (1853) of referring compounds to 
condensed types and the relationship between this and the original 
conception of copulated compounds {ge^aarten rnrhindungen) de- 
veloped by Frankland (1853) as a result of his researches on the 
organo-metallic compounds. Odling was the first to assign valency 
marks to the atom. 

Valency is a property of the atom by which the latter is enabled 
to attract and bind to itself a definite invariable number of other 
elementary atoms. In this fashion Kekule conceived valency to 
act, and consequently expressed his ideas in the following words : * 
“ The theory of atomicity is a modification of Dalton’s theory. It 
is formulated to explain a point where the latter’s theory fails, viz. 
why the atoms of the different elements prefer to combine in certain 
proportions rather than in others. Atomicity is therefore a funda- 
mental property of the atom, which is just as constant and 
invariable as atomic weight. To assume that this atomicity is 
variable, that one and the same body can function at one time with 
one and at another with a different atomicity would, however, 
be to use the word in a sense entirely different from that which I 
gave to it, when I suggested it.” This conception of Kekul^ leads 
to the idea that the number of units of valency on an atom is 
invariable. In its essentials this was the teachings of constant 
valency, an idea which chemists to-day admit to be inaccurate. 

For^ reasons which will be discussed subsequently, the simple 
conception of Kekule was relinquished, and in its place valency 


^ Zeitsch. /. Chem.i 7, 689. 
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was understood to be a numerical conception, the value of which 
depended upon the nature of the atoms combining with one another. 
Thus the idea of valency lost its original simplicity, and this 
became increasingly justified as further research showed the 
manifold variations which the elements exhibit in their compounds. 
The chief value of valency, viz. the yielding of a trustworthy 
foundation for the construction of constitutional formul®, was 
consequently lost. Moreover, it soon became evident that the 
current ideas of valency, which had proved so extraordinarily 
fruitful in organic chemistry, were unable to yield satisfactory 
structural formulae for large groups of inorganic compounds. As a 
result of many such attempts it may be taken as conclusively 
proved that the doctrine of valency, although adequate to provide 
constitutional formuhe for carbon compounds, is unable to do so for 
other elements. Consequently the theory of the forces which are 
responsible for the building up of inorganic molecules had to be 
developed independent of the original conception of valency, i.e. 
solely from the properties of the compounds in question. 

When the new laws governing structural formulfe were trans- 
ferred and applied to elements other than those through which they 
were developed, it was seen that they were applicable to most 
elementary atoms, for the latter were found to be able to yield 
compounds, the existence of which could not be predicted from the 

earlier conceptions of valency and hence could not be deduced 
from them. 


The new ideas, thus obtained, on the combining caj.acities (Binde- 
t;enKO| 7 cn) of the elementary atoms is called the “doctrine of 
co-ordmation (Koordinalionslehre). A theoretical connection must 
exist between the doctrine of valency and that of co-ordination 
which will combine both to a general theory of valency. Such a 
cojection can be proved in many isolated instances, but a complete 
and satisfactory unification of these theories into one harmoLus 

1^0? “h^ d^d admit not 

only of the deduction of valency structural formula, but also of 

co-ordination formulae, and therefore the most important and 

pressing problem of valency resolves itself into the dLovery "d 
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II. On the Number of Valencies. 


1. The I^^umber of Principal Valencies. 

(a) Introducforij considerations concerning the Conception of 

Principal Valencies. 

When the molecular composition of compounds of the first order, 
c.g. those of hydrogen : 

HCl HoO H 3 N H,G 


are examined, it is seen that the number of hydrogen atoms in 
combination with one atom of another element is different in each 
case. It must further be concluded from the chemical behaviour of 
these compounds that the hydrogen atom retains its connection 
with the other atom of the molecule through an exchange of affinity 
between the two atoms, hence the following constitutional formulae 
are assigned to these compounds ; — 


H— 1 



H 

HX 



It follows, therefore, that the combining values of the different 
elements for hydrogen is variable. This combining value of an 
element is termed its valency. Since hydrogen in these simple 
compounds combines with only one elementary atom, it is said to 
be monovalent, and atoms are said to be mono-, di-, tri-, and tetra- 
valent according to the number of hydrogen atoms with which 
they unite. 

The valency of the elements can be deduced from the composition 
and constitution of other compounds, e.g. those of the halogens, by 
processes analogous to those used with hydrogen compounds. Tn 
this way we obtain the valency of F, Cl, Br, etc. Since these 
elements are monovalent towards hydrogen, it was originally 
believed that the elements would exhibit the same valency towards 
chlorine as towards hydrogen. Some elements, e.g. carbon, have 
justified this expectation ; moreover, the valency of some polyvalent 
elements (oxygen, sulphur, and nitrogen) as deduced from their 
hydrogen and carbon compounds is identical, for carbon combines 
with four hydrogen atoms, or two divalent oxygen atoms, or one 
divalent nitrogen and a monovalent atom, etc. If its capacity for 
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combining with hydrogen is taken as the standard, carbon has, 
therefore, a constant valency equal to four units; and, moreover, 
in this respect carbon displays a very simple behaviour, inasmuch 
as only one valency is ever active in reference to a particular 
element. To be sure, carbon forms with oxygen not only carbon 
dioxide but also carbon monoxide. But considering the thousands 
of carbon compounds this is a very rare exception indeed, and in 
comparison with the otherwise normal behaviour of carbon scarcely 
merits consideration, especially when it is possible, by making 
certain assumptions, to explain this abnormal behaviour. 

The valency of carbon in its compounds is so constant, that the 
doct^ of_^stan^ valency is theological outcome of -their study, 
particularly as this conception has proved itself to be of such 
extraordinary value for their investigation. But when the con- 
ceptions of valency thus developed were applied to the compounds 
of other elements it became evident that the doctrine of constant 
valency was untenable, for their valency was found to be variable. 
The results of these researches are discussed in the following pages. 


(h) On the Variahility of the Principal Valencies. 

(a) Proof of the VariabUity of the Principal Valencies.. 

That the valency of the elements is not constant but variable 
18 the conclusion drawn from a comparative study of the composition 
and co^titution of different classes of compounds composed of 
different elements. The manner in which this variable valency 
makes itself evident will be made clear in the following paragraphs. 


1 . The Alome of Certain Element, exhibit Different Capacities for 

Saturation. 

This statement is founded upon phenomena of the following 
d^cription 1 An iron atom can combine to form a molecule wS 
either two or three chlorine atoms, an atom of tin with two or four 
chlorine atoms and an atom of indium may form molecules with 
one, two, or three atoms of chlorine, etc. For a long time these 
phenomena were explained by the supposition that L the Wr 


<t 

■o 


C 
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structural formulae, which strongly recall chain formulse, were 
assigned to them — 

FeClo SnCh InCl InCh 

I II II I 

FeCl., SnCL InCl InCl^ 

MW ^ 

These formulae are incorrect, for it has recently been shown 
from determinations of the molecular weight of a great number of 
inorganic chlorides that the molecule contains only one metal atom. 
This result has been obtained from observations based upon cryo- 
scopic and ebulioscopic determinations. Consequently it appears to 
have been proved that an elementary atom, according to the con- 
ditions, can combine with different numbers of other elementary 
atoms, without the co-called “ free valencies ” mutually satisfying 
each other. 

But if this is true, then it is incorrect to speak of the constant 
valency of the elements, and to select an indefinite combining 
ratio, e.g. the highest, and refer to it as standard. 

Such a proceeding would be very arbitrary, for the facts offer 
no justifi-cation for choosing out a particular valency value (yaXmz- 
zustand) in preference to any other and using it in this manner. 
When it is desired to describe the valency of an element, it is not 
sufficient to confine the description to the maximum value, but the 
different saturation capacities (^Wertigheitsstuf en) must also be 
given ; thus : iron is di- and tri-valeut, tin is di- and tetra-valent, 
indium is mono-, di- and trivalent, etc. 

2 . Certain Elements possess Saturation Capacities which depend upon 
the Nature of those Elements with which they are in Combination, 

The different saturation capacities of the elements, as discussed* 
in the foregoing paragraph, are not yet exhaustively described. For 
on comparing the valency value of an element in its compounds 
with other elements, it is seen that the valency value is not 
invariably a maximum. For example, nitrogen has saturation 
capacities for oxygen which differ from those for the halogens, and 
many elements exhibit much higher valency values towards oxygen 
and fluorine than chlorine and bromine, etc. Accordingly the 
uniform value laid down by the doctrine of valency is not in 
evidence amongst these different valencies of an elementary atom ; 
to such an extent is this true that it is doubtful whether there 
exists a uniform standard for valency. This is the reason for the 
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vagueness of the conceptions of valency at the present day. For, 
when the monovalency of the halogens, the divalency of the oxygen 
group, and the trivalency of the nitrogen group, etc., had been 
established for their hydrogen compounds, and when the equal 
valency of the halogens and hydrogens had been used to determine 
the valency of the metals from their halogen compounds, it was 
expected that an element, whose valency had thus been fixed, would 
exhibit the same saturation capacity for another similar element. 
But this was not confirmed, as may be seen from the following 
examples : sulphur is hexavalent towards fluorine, but tetravalent 
towards chlorine j manganese gives an oxide, MngO^, in which 
manganese is heptavalent, while in its highest chloride, MnCl^, 
it is tetravalent; iron in ferric acid is hexavalent, but in its 
highest chloride it is trivalent, etc. It is, therefore, impossible to 
speak of even approximate agreement in the difierent valency values 
of an element, so that with regard to its ability to combine with other 
elements it is imposs^ to refer to a constant valency value. 

Such a supposition would postulate in most compounds such a large 
number of unsaturated valencies, that we would seek in vain for a 
satisfactory formula. In ferrous chloride, for example, we would 
have to suppose that there were four unsaturated valencies, in 
manganous chloride five, and in sulphur chloride two. It, there- 
fore, appears m^re natural to ascrib^to the element that valency 
which observation gives it, than a capacity for saturation with 
another similar molecule the value of which is dependent upon the 
nature of the combining atoms. Consequently, when speaking of 
the valency of an element, it is essential to mention with what 
other element that value takes eflfect, e.g. iron is di- and tri- valent 

towards chlorine, but is tetravalent towards sulphur and hexavalent 
towards oxygen, etc. 


3 . The Valency of an Element may depend upon External Conditions} 

It is well known that the general affinity ratios of the elements 
are dependent upon external conditions, particularly on the 
temperature. It is consequently to be expected that the valency 
of the elements would be Ukewise a function of these external con- 


j.,. external con- 

ations, e.g, of the temperature. That this is justifiecL^i^tfc%j^^'^ 

in the phenomena of dissociation with rise of te^^^,?iFtBj 
‘ Of. BilUtzer, Wieyver MonatsJtefte, 25, 745 also \h^r,rr « 

Hinrichaen, atwT-f/. C/ww., 43 , 122 (1905) ^ ^ SS ^ 
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dissociates into CO + O and SO^j into SOo and O, etc. Further, to 
this category belongs the decomposition at high temperatures of 
saturated into unsaturated hydrocarbons. From these examples the 
general law may be formulated, that valency decreases with rising 
temperature. That pressure likewise plays an important role is 
obvious, for at the temperature of the experiment the existence of a 
dissociable compound is determined by the pressure exerted by the 
products of dissociation. 

Consequently we arrive at the conclusion that valency is a 
function of the temperature and pressure. It is also possible that 
other physical factors may exert a controlling influence on valency ; 
for example, it is not improbable that certain classes of compounds 
can exist only in solution, but not in the solid state, or vice versd. 
Up to the present the influence on valency of such physical factors 
has received little attention, and it would not be without interest 
in simple cases to study, for example, how the maximum valency of 
an element varies with the temperature. 

On the Possible Numerical Value of the Principal Valencies. 

Having established that valency is a function of various factors, 
the numerical value of which fluctuates within wide litoitsand finds 
expression in the composition of chemical compounds, it seems 
appropriate to inquire how and within what limits this numerical 
value varies. The answer is that probably every element can 
exliibit every intermediate value up to its maximum valency. 

In support of this statement there exists already a large number 
of elements which possess a complete valency series, which the 
following examples serve to illustrate : 

Manganese : MnClj, MnCl^, MnCb ; 

Molybdenum : M0CI5, M0CI4, MoClg, MoCL ; 

Vanadium ; VC 1 „ VCb, VCi; YCb ; 

Manganese ; MnO, MugOg, Mn304 MnO^, MnOg, MugO; 

Once more it must be stated emphatically that it is inadmissible 
to double the formulae of those compounds whose valency is below 
the maximum value, except the experimental facts sanction it. 
The author himself has shown that a great number of such com- 
pounds possess the simple formula, and these results have been 
confirmed by other investigators. 

The compounds of some metallic sesquioxides, with acetylacetone, 
which were always written double, the two metal atoms being 
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bound one to another, have been shown to be correctly represented 
by the single formula. Urbain and Debierne ^ determined the 
molecular weights of the acetylacetonates of iron, manganese, 
cobalt, chromium, and aluminium in benzene solution, and arrived at 
this conclusion. 

It is remarkable that the maximum valency of electro-negative 
elements is attained in compounds formed with other negative 
elements, e.g. the halogens with oxygen, ClgO^ ; sulphur with oxygen, 
SO3 ; and with fluorine SFlg, etc,, while electro-positive elements 
exhibit their highest valency with other electro-positive elements, 
e.g. the alkali metals in amalgams NaHg^, KHgjs, etc. 

The maximum valency is also dependent upon the positions of the 
element in the periodic system, and this peculiarity is especially 
evident in the hydrogen and oxygen compounds. For, as is well 
known, there is a regular rise and fall in the valency of the hydrogen 
compounds in the short periods, while, on the other hand, there is a 
regular increase in the valency of the oxygen compounds to the 
maximum value of seven. 

An exhaustive examination of the dependence of valency on 
position in the periodic system would take up too much space and 
lead to nothing new. So we will consequently dismiss it, and the 
interesting communication of Abegg’s,^ in which he supposes all 
the elements to have a constant maximum valency of eight, can 
receive only passing mention. 


h. Conclusions. 

The phenomena discussed in the previous paragraphs can be 
reduced to the following conclusions. 

Valency is a numerical conception, the value of which expresses 
the combining ratios of the elements. It is not an inherent property 
of the atom as such, but is dependent upon the nature of the atoms 
with which it enters into combination and also upon the external 
physical conditions. The valency of an element can therefore 
exhibit different values towards another element, i.e, valency is a 
variable property. Such, then, is the doctrine of variable valency. 

* Compt. rend., 129, 302 (1899). 

Abe^, ^ Vorsuch oiuer Theorio der Valenz und der Molekularverbin- 
ungen, ^ nstiania, 1902 ; and Abegg, “ Die.Valonz und das periodische System. 

Molekularverbindongen," Zeitsch. anorg. Chem., 39, 
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_ 2. The K’umber of Auxiliary Valencies. 

(a) Introductory Considerations on Compounds of Higher Order. 

Up to the present the application of the theory of valency to 
binary compounds has been considered. To this class belong 
Compounds of the Pirst Order, i.e. the simple compounds of 
hydrogen, the halides, the oxides, etc. But there exists a more 
complicated class, the members of which are formed by the union 
of binary compounds. This process may be represented by the 
general equation : 

AB + CD = 

Now, since AB and CD represent simple compounds, the product 
resulting from their combination may be called either a molecular 
or a complex compound. But many compounds formed in this way 
have had, in terms of the doctrine of valency, a satisfactory 
structural formula ascribed to them. Consequently they can no 
longer be considered as molecular compounds, and seeing that the 
conception of complex compounds ” has already a definite electro- 
chemical meaning, it therefore appears desirable to reintroduce the 
term “ Compounds of Higher Order ” ; a term first used by Berzelius 
for such compounds. The use of this term has the additional 
advantage of excluding any possibility of misconception, for it 
includes all such compounds as those mentioned above. 

Compounds of higher order can be divided into sub-groups 
according to the classes of molecules which take part in their 
formation. In this way, if one component is ammonia, ammonium 
addition products are obtained, of which the most important sub- 
class is the metallic ammino-compounds. These compounds are 
formed by the union of ammonia and metallic salts. If water is 
added to compounds of the first order, hydrates are obtained, to 
which class the oxygen acids belong. When simple halides combine 
together to form compounds of higher order, double halides result, 
which form a group of the so-called double salts, etc. In the 
special part of this book examples are given of many such com- 
binations , and it will then be seen how extraordinarily varied are 
the types of compounds to be expected. 

In the formation of compounds of the higher order from those of 



THE CHEMICAL COMPOUNDS 


23 


the first order, the principal part is played by affinities which differ 
from the ordinary valencies. The object of the following discussion ^ 
is to demonstrate this and also to characterise these new affinities y 
{affinxtdteshrdft^. Since, however, the examination of the com- 
pounds of higher order has shown that they may be sharply 
divided into two groups, i.e. addition- and substitution-compounds, 
it is intended first to consider the addition-compounds and later the 
remaining class. 


(b) On the Constitution of Addition Compounds. 

a. Introductory Considerations. 

Almost all compounds of the first order (saturated hydrocarbons 
form the sole exception) possess the property of combining with 
other compounds of like nature. The truth of this may be illustrated 
by a simple example, which will at the same time serve to exemplify 
how diverse such addition products may be. Sulphur trioxide gives 
the following addition products : 

0,S H- OH, = O 3 S . OKf 
0,S + CIH = 0,S . CIH 
O 3 S + NH, = O 3 S . NH, 

^ These formulae are not intended to bo structural formulae, but only to 
draw attention to the combining units. 


The chemical examination of such compounds shows that the 
combination of the heterogenous molecules takes place through the 
combination of the more positive atom of sulphur trioxide, i.e. 
sulphur, with the negative elements of the other molecules, i.e. 
oxygen, chlorine, and nitrogen, in the way schematically represented 
in the following equations : 


O 


O 


0=s -k OH,. = 0 =S ... OH, 

I!. I 

o o 


0=s -f-ClH 

tl 

o 


= 0=S ... CIH 


O 
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O 


O o 

I' II 

S4-NH3=0=S...NH 


o 


o 


On the Cause of the Formation of Addition Compounds. 

1. OU Explanation and Proof that it is Untenable. 

(a) Development of the Theory. 

As is well known, the doctrine of valency explains the formation 

of oxygen acids and their salts by assuming that the doubly bound 

oxygen atoms can be transformed into or be replaced by hydroxyl 

gioups; thus, for example, the formation of sulphuric acid may be 
expressed by the scheme ; 


+ O 




H 


H 




O 




s 


OH 

OH 


or the formation of chlorsulphonic acid by the scheme : 

O. I 0. XU 

Xs=o + CIH = 

\ I QY \oH 

To this apparently simple and satisfactory explanation of such 
addition processes is to be ascribed the fact that the theory of the 
constitution of inorganic compounds has remained in its initial state. 
That such constitutional formulie, as deduced from the doctrine of 
valency, are incorrect will be shown in the following paragraphs. 


(b) General Objections to such Valency Formulse. 

1. Since the explanation depends upon the divalency of oxygen, 
all compounds of divalent metalloids, i.e. oxides, sulphides, etc., 
have a special place allotted to them, for it is impossible for com- 
pounds of monovalent elements, e.g. the halides, to form groups 
similar to hydroxyl. Consequently such formul® prevent dis- 
cussion on the possibility of analogous formulte being given to 
compounds formed by the combination of fluorides, chlorides, 
bromides, iodides, etc., i.e. double halides. An analogy between 
the combination of two oxides ; 

K^O + SO3 = K,SO, 

and the combination of two chlorides : 

KCl -f AUCI 3 = K(AuCl 4 ) 
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is according to this theoretical conception not only not to be 
expected, but also is not possible. Sufficient proof of this is to 
be found in the many fruitless attempts which have been made to 
bring the halogen double salts within the valency system. 

But such an analogy really exists. The halogen double salts 
therefore belong to those compounds whose constitution can only 
be represented by straining the customary ideas on valency, 
and for a long time have been pushed on one side as unimportant 

molecular compounds. Several large classes of compounds have 
suffered the same fate. 

2. Since the explanation of addition reactions, deduced from 
the doctrine of valency, requires the radicle, hydrogen, metal, etc., 
which is taken up by the doubly bound oxygen to be very mobile, 
it follows that a similar explanation cannot be advanced to explain 
the constitution of those addition compounds in which such mobility 
is impossible. The ether addition products afford examples of this 
latter class of compounds* 


(c) Oh)^ctioi\8 to such \ ulcncy 

As well as these general objections to the idea that the formation 
of hydroxyl groups is the cause of the combination of oxides with 
other compounds, there exist several special reasons. Such are to 
be found in the behaviour of oxides on hydration. According to 
the doctrine of valency, those oxides richest in oxygen, RuO^ and 
OaO„ should prove the most susceptible to the formation of hydrates. 
As a matter of fact, in spite of four doubly bound oxygen atoms, 
these oxides are unable to take up water ; in other words, they do 
not act as acidic anhydrides. 

In general it can be shown that the number of water molecules 

which are taken up by an oxide are independent of the number of 

doubly bound oxygen atoms, whereas, accordiug to the doctrine 

of valency, it is the number of doubly bound oxygen atoms 

which determine the number of molecules which are taken up. 
Chlorine heptoxido : 
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although contaimng six doubly bound oxygen atoms, only takes up 
one molecule of water, while phosphorus pentoxide 



which contains only four doubly bound oxygen atoms, takes up 
three molecules of water, etc. 

Since doubly bound oxygen is still present in the hydrated 
forms HClOj, H0SO4, H;jP04, and if these forms were produced by 
the addition of water, then it would be difficult to understand why 
perchloric acid does not also act as heptabasic, H^^CIO^, and phosphoric 
acid as pentabasic, II5PO5. 

On the other hand, if without any preconceived opinion we 
consider the composition of the oxygen acids H(C104), H2(S04), 
H3(P04), etc., it becomes clear that the number four appears to 
be the limiting number of the oxygen atoms in these acids. Por 
it is not only independent of the number of hydroxyl groups present, 
but also of the number of doubly bound oxygen atoms, and perhaps 
this may be the reason why the oxides RUO4 and OSO4 are unable 
to form hydroxyl. The hydroxylation of doubly bound oxygen 
cannot therefore be considered as the cause of the formation of 
addition products with oxides, and when it occurs is consequently 
only to be considered as a secondary phenomenon. 

Another objection to the deductions made from the doctrine of 
valency as to the cause of the formation of addition products, is to 
be found in the fact that water not only combines with oxides, but 
also with chlorides, iodides and many other classes of compounds. 

Some authors endeavour to prove the existence of a difference 
between the formation of hydrates by oxides and by other compounds, 
e.(/. chlorides, fluorides, etc., by supposing that in the former case 
oxyhydrates are produced, while in the latter this is impossible. 
But the properties of the compounds in question do not justify such 
a difference. 

The hydrates of the halogens in many cases behave in exactly 
the same way as those of the oxides. In order to demonstrate this, 
compare the behaviour of sulphur trioxide and gold chloride with 
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water. Both compounds combine with one molecule of water 
according to the following equation : 

O O 

OS -I- OH. = OS . OH2 

o o 

Cl Cl 

ClAu + OH2 = ClAu . OH. 

Cl Cl 

Both the product formed by the combination of sulphur trioxide 
with water and that resulting from the combination of gold chloride 
and water are acids. Yet according to the doctrine of valency, in 
the latter case, the formation of hydroxyl is impossible, nevertheless 
a compound with acid functions is produced. A difference is neither 
to be found in the method of preparation, nor in the behaviour of 
the resulting hydrate, and hence it is very arbitrary to make such 
a difference. 

It is very probable, though not as yet definitely proved, that it j 
is the oxygen atom of the water that is in combination with the ' 
gold atom. When this has been proved, the analogy between 
sulphuric acid and the hydrate of gold choride will be complete. 
As will be shown in what follows, it is possible, in the case of the 
hydrates of other chlorides, to prove their constitution completely. 

2 . hxplanation of the Formation of Addition Compounds hy means 

of Co-ordination Formulae. 

(«) On the Addition Compounds of Platinum C'hloride and their Constitu- 
tional Formula, as deduced from the Doctrine of Valency. 

It has been shown that the theory of principal valencies cannot 
explain the formation of oxygen acids, and in like manner it can 
be shown that it is incapable of explaining the formation of all 
possible compounds of higher order. 

Although the constitutional formulte of the oxygen compounds, 
as deduced from the doctrine of valency, expresses the behaviour of 
these compounds, it does not do so when double halogens, metal 
ammonium compounds, etc., are considered ; the formulaj of these 
compounds when similarly deduced is in contradiction to their 
chemical behaviour. The following facts make this evident. 
Platinum chloride behaves similarly to sulphur trioxide in its 
tendency to form addition products with certain binary compounds. 



28 NEW IDEAS ON INORGANIC CHEMISTRY 


It combines, for example, with hydrochloric acid to form the 
dibasic chloro-platinic acid ; 

ChPt + 2 C 1 H = ChPt(ClH), 

and with two molecules of water to form a hydrate : 

ChPt + 2 OH 2 = ChPt(OH.3)2 

and also with one molecule of water and one molecule of hydro 
chloric acid : 

Cl,Pt + OH, + CIH = CI,Pt ■ 

OH 

CIH dibasic acids. 


Both ChPt(0H2)2 and C^Pt 


Platinum chloride forms an addition compound with ammonia : 


ChPt + 2NH3 = Cl,Pt(NH3)2 


in which none of the four chlorine atoms have ionogene properties, 
and when it at the same time takes up both ammonia and chloride 
the resulting compound : 

Cl,Pt + NH, + .C 1 R = Cl,Pt 

behaves as the ammonium salt of a complex acid 



The analogy between the addition compounds of sulphur trioxide 
and platinum chloride is complete, and since the constitutional 
formulae of (SO3 . OH2), (SO3 . CIH) and (SO3 . NH3) correspond, it 
follows that the constitutional formulae of (PtCl4(ClH)2), 

(PtCh(OH2)2), (PtCl4(OH2)(ClH)), (PtCh(NH3)2), and (PtCUNHj) 

(CIR)) must be similar. But the formulae which have in reality 
been proposed are the following : — 

The formula for chloroplatinic acid with trivalent chlorine first 
proposed by C. W. Blomstrand is still advocated to-day — 


Ch /C 1 =C 1 , H 

^Pt< 

Cl/ \C 1 =C 1 .H 

For the two isomeric metallic ammonium 
Cl4Pt(NH3)2, the formulae 


compounds : 
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Ck Hg Hg 
C Apt . N— N— Cl 
CK 


and 


Cl 

Cl 


Pt 


N— Cl 

N— Cl 

H, 


were proposed by P. T. Cleve and S. M. Jorgensen. They contain 
pentavalent nitrogen, and assume that pentavalent nitrogen atoms 
can form a chain. 


NH. 


ThecompoundChPt had the formula 


j 



CL /Cl— Cl— R 

\p^ 

ck \NH,— Cl 


ascribed to it.' 

Up to the present no formula has been proposed for the hydrate 
of platinum chloride, Cl 4 pt(OH 2 ) 2 ; but since it corresponds to the 
dibasic acid, chloroplatinic acid, it ought to have the formula : 


CL /C1=0H2 
>Pt< 

CK \C1=0H2 


containing trivalent chlorine and tetravalent oxygen. On the 
other hand, since it is a compound formed by the addition of water 
to platinic chloride, it corresponds to the ammonium addition 
compound, and ought, from this standpoint, to have the formula : 

CL /OH 2 .CI 

>Pt/ 

CK kOHg . Cl 


containing two tetravalent oxygen atoms, and since neither of 
these formulas expresses its relation to platinic acid, Pt(OH), . 2 H 2 O, 
we are compelled, since this relationship must be expressed, to give 
it a third formula, etc. Hence it is evident that many formul® 
can be proposed from considerations of valency and the isolated 
properties of the component elements, but none of these formul® 
admit of the harmonious correlation of the characteristic properties 
of the compound. Moreover, these formulae are unable to give 
expression, by means of similarly constituted formul®, to the 
analogy existing between the modes of their formation. This 

* 9. M. Jorgensen, Zeitsch. anorg. Chem., 24, 158 (1900). 
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analogy is at least quite as definite as that existing between the 
addition compounds of sulphur trioxide. We therefore arrive at 
the conclusion that the doctrine of valency is unable to yield 
satisfactory pictures of the formation and constitution of these 
compounds, and we are therefore compelled to deduce their con- 
stitutions directly from their properties and without any reference 
to the customary ideas on valency. 


(6) Constitution of the Ammonium Compounds, 

Cl 

The platinum ammonium compounds, Pt \ > ®^ist in two 

isomeric forms, i.e. platiniammin and platinisemidiammin chloride. 
The cause of this isomerism, which is steric in nature, 
will be considered in a later chapter. At present we are only 
concerned with the constitution of these isomers. Measurement of 
their electrical conductivity shows that in dilute aqueous solution 
they are so little dissociated that hardly any chloridion is present. 
This behaviour is easily understood when it is assumed that each 
chlorine atom is linked 'directly to the platinum atom. For were 
the chlorine atoms linked to nitrogen, as in ammonium salts, we 
would expect the aqueous solutions of these platinum salts to be 
strongly electrolytically dissociated. Such dissociation could be 
proved by the great conductivity of the solution, the development 
of hydrochloric acid on treatment in the cold with sulphuric acid, 
and by the precipitation of silver chloride from the aqueous 
solution. But since these reactions fail to prove the presence of 
chloridion, the conclusion that the chlorine atoms are bound directly 
to the platinum atom is unavoidable. 

The position of the ammonia in the molecule also must be 
determined, and in this connection the following three formulae 
require consideration : 


Cl 


Cl 

Cl 


Pt 


Cl . NH 

% 

Cl . NH 


Cl 

Cl 


Pt 


NH3)C1 Cl 
NH3)C1 Cl 


Pt: 

il ' 


NH 

NH 


I. 


II. 


III. 


That the first formula is unsatisfactory is shown by the 
possibility of removing the chlorine atoms from the molecule with- 
out at the same time disturbing the ammonia molecules. For 
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example, two chlorine atoms may be removed by reduction, thus 
producing a compound, with the formula CloPt(NH3)2, in which both 
chlorine atoms are again non-dissociable. Further, it is possible 
by double decomposition with silver and other metallic salts to 
prepare a series of compounds, X2Pt(NH3).>, from the compound 
Cl2Pt(NH3)2 without in any way interfering with the ammonia. 
Consequently the chlorine atoms do not act as links between the 
ammonia and the platinum atoms. Both atoms of ammonia 
therefore must be directly attached to the platinum atoms ; any 
other possibility is excluded. 

That they exist as ammonium salts, as formula II. suggests, has 

already been shown to be impossible, since all four chlorine atoms 

behave similarly and are in direct connection with the platinum 
atom. 


Cl,Pt * 


Further, the existence of compounds of the general formula 

NH. ’ ’^bicb an ammonia molecule and a molecule, CIR are 


bound to the platinum atom, afford satisfactory proof that both 
ammonia molecules in Cl,Pt(NH3)2 are separately bound to 
platinum. Formula III. also gives expression to the possibility of 

CljPt ’ passing by the action of ammonia into Cl4Pt(NH3)2. 
This change, which may be represented by the equation— 




NH. 


shows that a molecule of ammonia replaces CIR in the compound 

The compound Ol.Pt; mimil, theoroticll, of three pomiblo 
formulte : 


Cl 

CMPt 

Cl 


.NH3 

. Cl . CIR 



Cl 


CIR and 






The first formula is inapplicable, because the replacement of 

OIR by ammonia yields CbPt(NH3)2, and in the latter ammonia 
cannot be bound to chlorine. 
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The second formula, which hardly deserves serious consideration, 
is excluded by the properties of the compound, for if the chlorine 
atom is bound to ammonia it must appear as chloridion in solution, 
and this is not supported by experiment. Hence, the third formula, 
in which CIR and HH3 are bound directly to the platinum atom, 
is the only possible one. Consequently, it has also been shown that 
in the compound CIjPt(NH3}2, which is produced directly from 


Cl.Pt-Nm 
. CIR ’ 


both ammonia molecules are in direct connection with 


the platinum atom and are independent of each other. 

That this connection is maintained by the nitrogen and not by 
the hydrogen of ammonia, is shown by the possibility of replacing 
the ammonia by pyridine and other tertiary amines. The structural 
formula of the compound Cl4Pt(NH3)2 therefore can only be 



(c) The Constitution of ChloropJatinic Acid. 


The compound CljPt 


.NH3 

.CIR’ 


in which, as has already been shown, 


NHg and CIR are directly bound to platinum, is closely related to 
chloroplatinic acid and its salts PtCl6R2. These genetic relations 
may be expressed by the formulae : 


Cl^Pt 


.NH3 

.NH3 


CbPb 


. NH3 

.CIR 


CUPt 


, CIR 
.CIR 


and the accuracy of these formulfe admits of simple experimental 
confirmation. Thus, it is possible to prepare from chloroplatinic 
acid the other types of compounds, e.g, from pyridine chloroplatinate 
compounds may be prepared which contain one and two molecules 
of HCl less than the mother compound : 


Cl pt * 

ClHPy 


Cl^Pt 


.Py 

. CIHPy 


Cl^Pt 


.Py 
• Py 


From this it must be concluded that the HCl in chloroplatinic 
acid is linked directly to the platinum atoms, just like pyridine and 
ammonia in the compounds Cl^PtPyg and Cl^Pt(NH8)2. The con- 
stitutional formula for chloroplatinic acid is therefore 
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g\ ,,C1H 

O] ^ 

Cl/ CIH 


{<£) The Constitution of the Hydrate of Platinum Chloride. 

When platinum chloride takes up two molecules of water, the 
compound Cl,Pt(OH 2 ), is produced. The addition of water has no 
effect on the chlorine atoms, i.e. they do not receive ionogene 
properties, but remain linked directly to the platinum atom. The 

water, however, which already is slightly electrolytically dissociated, 

undergoes by the process of addition an enormous increase in 
dissociation, so much so that the hydrate acts as dibasic acid : * 


ci.pt • 

.oh)h 

As a result of this behaviour, silver nitrate does not precipitate 
chlorine in aqueous solution, but forms a compound of the formula 

acid, (Cl.Pt(OH) 2 )H 2 , can also 

be prepared. Both platinum bromide and iodide behave in solutions 
like the chloride. This behaviour shows that the hydrate is 
completely analogous to the halogen platinic acids. 

The following constitutional formulee for the hydrate are 
possible : 


Cl 


\ 


Cl . OH 


CK ^'^Cl.OH. 


CL /OH 2 . Cl 

/Pt<^ and 

QV \oH 2 . Cl 



The last of these formulae is the only satisfactory one, for the 
water molecules must be linked directly to the platinum atom as in 
platinic acid, and in the latter, as is well known, they are linked in 
this way. The work of Miolati and his pupils has proved this, for 


^ recognized in its 

Miuplete signiaoanoe and drawn attention to it in the VierUlj ahrsschrift der 

NaHrfi^schenden Gesellachaft, Zurich, Jahrg., il, 254 (1896) before the 

KohdT''/". platinuL ehlor^t of F 

Kohlrausoh Wted. Ann., 63, 423 (1897) ; Hittorf and Salkowsky Zeitsch 
Lflppearel”*" 22. 445 (1900)', 


D 
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he has been able to prepare the following series of compounds which 
are intermediate between the hydrate of platinum chloride and 
platinic acid : 

Ci,Pt(OH3)3 ; Pt(OH,) ; Pt(OH,), 

Tetrachloroplatinio acid Trichloroplatinic acid Dichloroplatinio acid 
(Platinchloriddihydrate) (unknown) 

PI 

Pt(OH2)o (HO)4Pt(OH2)2 

Monochloroplatinic acid Platinic acid 


This interesting transition series brings out clearly the relation- 
ship of platinum chlorhydrate to the hydrate of platinum oxide, 
PtOo -p (platinic acid). Any remaining doubt that their 

constitutions are similar is removed when it is known that the 
compounds poorer in chlorine are prepared from those richer in 
chlorine, by replacing chlorine with hydroxyl. 

Finally, it is worthy of notice that between platinum chlordihy- 
drate and chloroplatinic acid there exists an intermediate compound, 


Cl,Pt 


. CIH 
.OH. 


, which still more clearly brings out the close relation 


ship between these compounds, and also offers further confirmation 
for the constitution of chloroplatinic acid deducted from the platin- 
ammines. By introducing these compounds into the above series, 
we obtain the following summary : 


gj/ ^CIH 


g/ \0H. 

ho/ 

Chloroplatinic 

Pentachloro- 

Tetrachloro- 

Trichloroplatinic 

acid 

platinic acid 

platinic acid 

acid 

S \ So\ gg\ /OH, 

HO/ ^^2 HQ/ HO^ 


Diohloroplatinic Monochloroplatinic Platinic acid 

acid acid 


With the exception of the fourth member of the series all these 
compounds are known ; they are all dibasic acids, whose salts 
completely correspond to the parent acids. 
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(e) Conclusion, 

Our discussioa has led us to ascribe the following structural 
formulsB to the addition compounds of platinum chloride : 


Cl 

Cl 


CIR 


Cl 

^[>pt 


Cl 

Cl 

Cl 

Cl 

CIH 

CIH 


>P 



CIH 


OH. 


and 


Cl 

ci\ 

Cl^^ 

CK 


Cl 

Cl 

Cl 

Cl 


>pt 



OH 


OH, 


• NHs 

.NH3 


These structural formulae compel the supposition that the 

platinum atom in platinum chloride possesses the property of being 

able to unite with two extra groups. Hence, the explanation 

accounting for such addition reactions, which is offered by the 

doctrine of valency and which is based upon the polyvalency of 
oxygen, is superfluous. 


7. The Theoretical Eesalts which foUow from the New Constitutional Formul® 

for Addition Compunds. 

The preceding considerations have shown that the explanation 
of the formation of compounds of higher order and the deduction of 
their constitutional formul® demands a new theoretical basis which 
will provide a consistent explanation of the facts. Such a founda- 
tion IS obtained by making the assumption that the sulphur atom 
of sulphur trioxide, the platinum atom in platinic chloride, the 
oxygen in water, the chlorine in hydrochloric acid, and the nitrogen 
in ainmonia, etc., possess a residue of unsaturated affinity, which 
permits such groups as these to mutually satisfy each other. If the 
amount of this residual affinity is sufficient to bring about a stable 
combination between single molecules, then it assumes practically 
he same r6le as the ordinary valencies, viz. it effects an inter 
dependence between two elementary atoms, and in this way unites 
two radicles to molecular complex. But these new valencies differ 

rom the ordinary ones because they are unable to unite monovalent 

Cronos" l “t n therefore it is 

ordert r f- • valencies” {nebenvalenzen) in 
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The formation of compounds of the higher order therefore is 
brought about by the auxiliary valencies of the compounds of the 
first order ; thus ; 

0 O 

OS ... + ... OH.3 = OS ... OH, 

o o 

But should one of the reacting molecules contain several doubly 
bound atoms, it is possible for the primary product to pass into a 
principal-valency compound : 

O 

II 

0 =S— OH2 

II 

o 

o 
II 

0 =S "CIH 

o 

Such a change, however, is not absolutely necessary, for the 
auxiliary valencies are sufficiently strong to preserve the integrity 
of the new molecule, if the addition compound, as such, is stable. 
The change in the type of compound is consequently only a 
secondary process. The behaviour of the addition compounds of 
platinum chloride supports this conclusion. For in these compounds, 
which are formed by the saturation of the auxiliary valencies on 
the platinum atom, such a transformation is impossible. In all 
other respects the addition compounds of SO3 and PtCb, completely 
correspond ; thus : 

O3S ... OH, O3S ... CIH O3S ... NH, 

CbPt ... (OH,), CbPt ... (CIH), CbPt . . . (NH 3)2 

The addition compounds of platinum chloride consequently 
differ from those of sulphur trioxide in that they do not admit of 
their being transformed into the so-called valency formulae. 

It has been found that, like SO» and PtCb, all compounds of 
the first order possess auxiliary valencies, the saturation of which 
gives rise to molecular complexes. The clearest proof of the 
existence of these auxiliary valencies is obtained by experimenting 
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with binary compounds, the acid residue of which is not dissociated 
electrolytically in aqueous solution. 

Under these conditions, and when the acid residue in the 
addition compound remains undissociated, we are justified in con- 
cluding that the added components are bound to the central atom, 
provided only that it can be shown that they are not bound 
to the acid residue. The following compounds lend themselves 
to such experimental proof : PdC4) PtC^, Co(N02)3, AuCla, 
TICI 3 , etc. 

Palladinous chloride combines with two molecules of NH^, one 
or two of CO, one of PCI3, two of tertiary arsine, etc., in the following 
way : 

NH3 CO 

Cl^Pd C 4 Pd...CO Cl,Pd 

NH3 CO 

AsRa 

Cl^Pd-.-PCla CI,Pd/ etc. 

AsRa 

Platinous chloride takes up two molecules of NH3, two of 
tertiary phosphine, one or two of PCI3, one or two of CO, one of 
ethylene, etc., thus producing the following compounds : 



The properties of all these addition compounds show that both 
the chlorine atoms of platinous and palladinous chlorides are bound 
in the same way as in the original compound. This is also true of 
the chlorine in gold chloride in the compounds : 



ClAu ... P(0H)3 


CI3AU ... OH2 


And the addition of new molecular components must conse- 
quently have taken place in the manner indicated by the formulse. 
The constitution of the addition compounds in the following cases 
can with equal clearness be justified. 

Cobalt nitrite combines with three molecules of NH3, or one of 
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NHg and one of ethylenediamine, forming triammintrinitrocobalt 

and amminethylendiamiutrinitrocobalt : 


(NH,)3Co(N 02)3 and jJ^Co(NO,)3 

3 

These addition compounds are, within certain limits, monomole- 
cular, and the nitro-group must be in direct combination with 
the cobalt atom, for the aqueous solution exhibits so small a con- 
ductivity that it can be considered a non-conductor. 

In like manner thallium chloride takes up three molecules of 
pyridine, and the properties of the product, which is easily soluble 
in ether and alcohol, show that it is not a derivative of an am- 
monium salt. The constitutional formulae of triammincobaltnitrite, 
the analogous ethylenediamin compound, and tripyridinthallium- 
chloride are consequently to be represented thus : 


. NHg 
0,N-^Co:- NH3 

O.N/ NH, 


OoN 

o.isr 

0.,N/ 


NHo 




Co 


NH 

NH 


CH2 

CH, 


and 


3 


Cl 

Cl 

Cl 


Ti:: 


Py 

Py 

Py 


This discussion on the new structural formulae, for which the 

term “Co-ordination Formulae” is proposed in order to distinguish 

them from the ordinary valency formulae, leads to the annunciation 

of a new general principle governing the combining possibilities of 

the atom : viz. Even wheuy according to the doctrine of valency^ the 

combining possibilities of an atom are exhausted^ it still possesses a 

particular hind of affinity which enables it to form molecular com- 
plexes. 

For this manifestation of affinity the term auxiliary valency is 
proposed. Hence it is assumed that chemical affinity may act in 
the form of both principal and auxiliary valencies. 


(c) On the Constitution of Substitution Compounds. 

(a) Fundamental Considerations. 

The compounds discussed in the foregoing pages were all 
members of the class known as addition-compounds. 

But as well as these there also exists a large class of inorganic 
compounds, in the preparation of which essentially different 
phenomena are to be observed. 
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Thus, if triararaintrinitrocobalt, the constitution of which already 
has been explained, is treated with ammonia a tetrammine com- 
pound, Co(N 02)3(NH3)4, is obtained. The examination of this 
tetrammin-salt shows that the introduction of the fourth ammonia 
molecule has caused a complete change in the functions of one of 
the nitro groups. In the triammin-salt all the nitro-groups are in 
the non-ionogene condition ; but in the tetrammin-salt one of 
these groups is dissociable, and in its properties resembles the nitro- 
group in the alkali-nitrites. For example, weak acids are able, in 
aqueous solutions, to set free nitrous acid. Consequently, the 
entrance of the fourth ammonia molecule must have caused a 
change in manner in which the nitro-group was bound. This 
change can only be due to the ammonia replacing the nitro-group 
in its direct contact with the cobalt atom, as indicated in the 
equation : 

/NO., . NH3)N02 

(H^NXCo^NO, -b NH3 = 

A similar change has been noted in many other cases, e.g. in 
tetrachlorodiamminplatinate. The action of ammonia upon this 
compound causes one of the previously nonionizable chlorine atoms 
to become ionizable : 


Cl 

Cl 


(H3N)2Pt<^j + NH3 

^ Cl 


. NH3)C1 
(H,N),Pb < 


The supposition that the formation of the above compounds 
takes place when the ammonia replaces the acid radicle in its direct 
contact with the metal, finds considerable support in the agreement 
which exists between these addition reactions and the addition of 
amnmnia to methyl iodide. In the latter case a non-ionizable 
residue becomes ionizable through the addition of ammonia, and 
the cause of this is generally assumed to be due to the ammonia 

coming between the carbon and iodine atoms which originally were 
directly bound together : 

H Hx 

H ;C -I -f NH3 = H /C— N)I 

H ^ h/ h; 
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But all the acid residues in an inorganic compound may be 
replaced by ammonia, and in this way triammin-, tetrammin-, and 
hexamminplatinum salts are formed, and also tetrammin-, pentam- 
min-, and hexammincobalt salts : 



The capacity of the compound to take up ammonia ceases when 

all the acid residues have passed into the so-called indirect com- 
bination. 

4 

The characteristic behaviour of these metallic ammonium com- 
pounds is exhibited not only in pure chemical reaction, but finds 
expression in their electrolytic conductivity, as will be evident from 
the following curves : 


Molecular Conductivity at 1000 Us. Dilution. 
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Chloride of 
.Drechsere 
base 


unknown 


Platin- 

diammin- 

chloride 


Platinimono- 

diammin- 

chloride 


Platini- 

ammin- 

chloride[ 


The process of formation of substitution compounds may be 
followed most easily in the ammonium salts, which are characterized 
by great stability and very definite chemical properties. Yet it 
should be noted that not only ammonia, but also other compounds 
form salts by substitution. In this respect water deserves special 
mention, for it forms compounds which are completely analogous to 
those of ammonia. Examples in which this function of water may 
be convincingly demonstrated are— 



and many hydrates of metallic salts, of which only those of 

chromium, which have been thoroughly investigated, need be 
mentioned : 




and 



2H,0 


Sometimes very complicated molecules are able to exercise a 

function similar to ammonia and water ; thus, for example, urea, in 
the hexauric chromium salts : 
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Another example is found in the acetates of magnesium, prepared 
by B. N. Mentschutkin : 

[Mg(CH3 . C00H)JX2 [Mg(aH,COOH)JX„ etc. 
Organic esters may also act in a similar way : 

[Mg(CH3 . COOCH3)6]l2 [Mg(CH3 . COOCA),]L, etc. 


(/3) Generalizations deduced from the Constitution of Substitution 

Compounds. 

The ammonium theory accounts for the formation of methyl- 
ammonium iodide, from methyl iodide and ammonia, by assuming 
tliat the ammonia molecule interposes itself between the iodine 
and carbon atoms. It is usually supposed that the nitrogen 
becomes pentavalent, and that the iodine, in consequence of this 
change, leaves the carbon and unites with the nitrogen, thus : 


III V 

H3C . I 4- N = H3C . N . I 

H3 H3 


This conception when applied to analogous cases in inorganic 
compounds leads to very improbable results. Thus, for example, m 
the dinitrotetrammincobalt salts one ammonia molecule must be 
attached to cobalt in a different way to the remaining three — 

H3N.. /NH3— ISTOs 

H3N -Co^NOo 

H> \n 03 

and in the trichlorotriamminplatinum salts an ammonia molecule 
must be differently bound to the other two : 




If this were true, then the number of isomers to be expected 
would be very great, but the behaviour of inorganic compounds m 
no way confirms this expectation, and accordingly until such 
confirmation is forthcoming, it is advisable to assume that every 
molecule of ammonia is attached to cobalt in the same way. This 
supposition is well supported by the chemical properties of these 
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addition compounds. Hence, the constitution of the above ammino 
complexes is best represented by the following formulae : — 

[ 

The structural formulae show that each ammonia molecule is 
bound to the central atom by auxiliary valencies, and that the 
negative residue outside the bracket is bound by an “ indirect bond,’' 
a consequence of the interposition of ammonia. 

The application of these ideas to methylammonium iodide gives 
us the following constitutional formula : — 

[H3C ... NHa]! 

As a result of these considerations, we propose a new hypothesis 
, to explain the formation of methylammonium iodide, which can be 
! expressed in the following words : The iodine atoniy after it ceases 
I to he directly hound to the carhon atom^ still remains hound to 
carhouy and the nitrogen atoniy in the addition compoundy is hound to 
carhon hy an auxiliary valency. The saturation of the iodine valency^ 
which no longer can take place in the first sphere of attraction of 
carhouy since all the co-ordination positions are occupiedy imo takes 
place outside the first sphere. 

^ The idea underlying the conception of an “ indirect bond,” is 
that the atom, by means of the interposition of ammonia, or groups 
which act in a similar way, is forced sufficiently far from the 
central atom to permit the interposing atom to come between the 
original pair. In this way the atoms in the second sphere still 
remain bound to the central atom, the only difference being that 
they no longer occupy a position in direct contact with that atom, 
but, owing to the interposition of ammonia or other molecules, take 
up a place in a separated zone. 

Since the distance of these atoms from the central atom is of 
necessity greater than those directly bound, it is to be expected 
that such atoms will manifest certain peculiarities in their chemical 
behaviour. An idea of the nature of the characteristics to bo 
expected is obtained when it is remembered that the elements with 
the greatest atomic volume (i.e. whose atomic centres after com- 
bination are furthest apart, such as the alkalis and halogens) have 


>Co: ^^^N02 and CAPt Cl 

o.n/ Lck NH3. 
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the greatest tendency to the formation of ions. It is, therefore, 
possible to predict that those groups which are indirectly bound 
will be distinguished by their greater mobility, and in particular 
by their tendency to become ions. The facts confirm this expecta- 
tion, so that all the characteristic properties of indirectly bound 
acid residues ai'e expressed by all that is understood in the term 
‘‘ ionogene-bindiug.” 

It should be specially noted that it is impossible to determine 
by the customary methods the constitutional position of the 
indirectly-bound radicles, for such methods are incapable of 
giving an idea to which special atomic group in the molecule 
the ionogene radicles belong. On this account, when we desire 
to give expression in structural formulae only to the atomic re- 
lationships which can be experimentally proved, we separate the 
ionogene groups by a bracket from the rest of the complex. 

Both the metal ammonium salts which we have treated above 
are consequently given the following formulae : — 





and methyl ammonium iodide similarly is written : 



Which of the possible structural solutions of 
formulae : 


the latter 


I(H3C NH3) or H3C— N— I or H3C— N HI 

is the most probable, is impossible to decide experimentally, and it 
appears in general doubtful whether we are justified in asking for 
such a solution. I incline to the opinion that we are not. Bor we 
can very well conceive that the iodine atom in methylammonium 
iodide in virtue of its great mobility and ionogene properties can 
assume the most diverse positions with respect to the complex 
(H3C — NH3), so that it is impossible to ascribe to the compound 
any definite structure. Similar phenomena are met with in 
tautomeric hydrogen compounds. 

We have, therefore, to think of the radicle (H3C . NH3) as a 
whole, and as still possessing an unsaturated valency. 
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(d) On the Number of Auxiliary Valencies on an Atom. 

The laws governing the saturation of the principal and auxiliary 
valencies of elementary atoms exhibit complete agreement. For just 
as the number of principal valencies determine the number of mono- 
valent groups which an atom is able to attach to itself, so in like 
manner the number of auxiliary valencies determine the number 
of molecules to be attached to the central atom. Boron, in trimethyl 
boron, has one unsaturated auxiliary valency, and consequently is 
able to take up one molecule of ammonia, thus forming trimethyl 


ammonium borate : 

CH, 

1 

CH3 

H3C- 

1 

****** ^ *** 

1 

NH3 = H3C— B~ NH3 


CH3 

1 

CH3 


This salt is very stable, and yields very beautiful crystals. 

The central atoms of platinum chloride and tin triethyliodide 
possess two free auxiliary valencies, and combine with two mole- 
cules of ammonia to form the compounds — 



In thallium chloride, cobalt nitrite, etc., the central atoms have 
three unsaturated auxiliary valencies, and consequently take up 
three molecules of ammonia, or amine — 


Ck /Py 
cATlr^Py 
CK ' Py 


/NH3 

02N-^Co<---NH3 

0 ,N/ 


0 ,N 


NH 


O^N^Co; NHg . OH, 

O N/ \ 

NH,.CH., 


But the activity of the auxiliary valencies has not yet reached 
its limit, for in many cases still further molecules may be attached 
to the complex, thus forming substitution compounds. 

Nevertheless, the composition of compounds of the higher order 
teaches that the number of auxiliary valencies on the central atom 
is not unlimited, but like the principal valencies exhibits a maxi- 
mum. This maximum value may be obtained from the composition 



46 NEW IDEAS ON INORGANIC CHEMISTRY 


and constitution of the limiting types of the substitution com- 
pounds. 

Examples of the limiting compounds of different elements, 
chosen from the ammonium group because these compounds have 
been most carefully studied, are as follows : — 

[Co(NH,)e]X3,» [Ni(NH3),]X„ [Pt(NH3X]X„ [Ir(NH3)e]X3, 

[Rh(NH3)JX3, [Co en3]X3,- [Fe Dipy3]X2, [Cr enyJX.^, 

[Ni en3]X3, [Zn en3]X2, [Cd enyJX.,. 

* Pfeiffer, Zeitsch. atiorg. Chem., 24, 279 (1900). 

• Ethylendiamine (en) and dipyridyl (dipy), since they are diamines, are 
equivalent to two molecules of ammonia. 


These examples show that the limiting value of the auxiliary 
valencies of many elements is six ; nevertheless in some cases this 
value is only four. The meaning of this surprising result, viz. 
that the number of the auxiliary valencies of many elements is 
six, will become clear to us in the next chapter when discussing 
another characteristic numerical conception of the elementary 
atom. 

The only question which at present interests us is the number 
of auxiliary valencies, besides the maximum value, which an atom 
can exhibit. In reference to this point, it may be stated that the 
auxiliary valencies very often only are active towards definite 
molecular complexes, and hence the formation of addition com- 
pounds with other classes of molecules is impossible. Consequently 
the number of auxiliary valencies which are active towards different 
molecules is not always the same. Considering the extraordinary 
variety in composition exhibited by substitution compounds it is 
not surprising that the number of auxiliary valencies on the atom 
are variable. 

The accurate determination of the maximum value is difficult, 
because the molecular weight of most of the compounds is unknown. 
Consequently it is impossible to decide whether auxiliary valencies 
take part in the polymerization of the molecule, thus bringing into 
play a greater number of auxiliary valencies than is at first apparent. 
The following example may serve to make these points clear : 
PtCls takes up one molecule of PCI3. If the compound possessed 


the simple formula 


Cl\ 

01 / 


Ft . PCI3, then only one auxiliary valency 
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of platinum would be active. RoSenheim and Lowenstamm ^ have 
shown, however, that the oeinpound is bimolecular, and has in 
consequence one of the folfowing formulie : — 




Cl 


Cl/ PCI, 
Pt:' / >p^ ■ 

CK PCI, 


or 


Cl 
PCL 


Pt. 


Cl 


Cl 




\ 


PCI 

Cl 


3 


A 

in which two auxiliary valencies of platinum take part. Conse- 
quently it is obvious that before the question of the variable 
nature of auxiliary valencies can receive an adequate treatment 


much experimental material on the molecular weight of complex 
compounds must be prepared- 


3. The Co-ordination Number. 

(a) Definition of the Go-ordination Number, 

Atoms which are directly attached, either by principal or 
auxiliary valencies, to another atom, are in the first or undissooiable 
zone. They may also be bound ijo other atoms, and with respect 
to the latter they may be in the second or dissociable zone, but in 
such i case they fall outside the following discussion. It is only of 
importance to the theoretical treatment of compounds of the higher 
ordof to determine how many atoms are in the first zone. The 
nui^ which expresses this is called the “ Co-ordination number.” 
Of Mie possible values which the co-ordination number of an element 
may have, only the maximum value is at present of interest. 

By the term “ maximum value ” is to be understood that value 
which expresses the maximum number of atoms which can exist in 
direct combination with the central atom. 

Those compounds in which the co-ordination number has been 

reached are said to be “ co-ordinatively saturated.” There are 

many Well-characterized compounds which are co-ordinatively 

unsaturated, i.e. the maximum co-ordination number has not been 

attained. Although the theoretical treatment of co-ordinativelv 

saturated compounds is already far advanced, that of the unsaturated 

IS still only m its infancy. Consequently in what follows those 

compounds which are co-ordinatively saturated will receive most 
attentjoly, 

* Zeitsch. anorg. ChemU 37, 394 (1903). 
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(b) The Determination of the Maximum Co-ordination Number. 

The maximum value of the co-ordination number of an elementary 
atom can be obtained from its compounds, the constitution of which 
has been determined, viz. from the maximum number of atoms, 
radicles, and groups linked to the central atom. The ammonium 
salts of many metals have proved to be the most satisfactory for 
this determination, but other classes of compounds of the higher 
order may also be used, e.g. hydrates, and other complex salts; the 

results in these cases are not so trustworthy. 

It has been found : 1. That the maximum co-ordination number 
is practically independent of the nature of the central atom. 
The following examples illustrate this : — 


[Co(NO,)e]R„' 

[Co(CN),]R3,^ 


r. (NH,U , 

[Co(NHe)3]X3, 

[Co(OH,)e]Cla« [PtClalR^; 

[Pt™>] E,. 



[Pt(NH3)e]X„>2 

[Pt(SCN)JR,: 

etc. 


» N. W. Fischer, Pogg. A 7 in., 74, 124 (1848) ; St. Evre, Comp, rend., 33, 166 
(1851). 

2 G. Zwenger, Annaleri, 62, 157 (1847); 0. T. Christensen, J. pr. Chem., 

(2) 31, 163 (1885). 

^ K. Wagner, Ber., 19, 896 (1886). 

* O. L. Erdmann, J. pr. Chem., 97, 385 (1866). 

* S. M. Jorgensen, Zeitsch. anorg. Chem., 17, 455; 19, 78 (1899). 

6 Brooke, A^m. Phil.,2^, 364; C. Marignac, sur les formes crist. 

Genive, 1855, 19. 

7 O. Dammer, HI. Bd., Handbuch d. anorg. Che^n. 

8 A. Cossa, Ber., 23, 2508 (1890). 

8 C. Gerhardt, Comp. 7’end., 1850, 273; AnnaUn, 76, 307 (1850). 

W. Kopp and G. Schnedermann, J. pr. Chem., 37, 461 (1846); E. . 

Hadow ,Jahresher. chem., 1860, 226. 

" N. 0. Holst, Bull. Soc. Chim., (2) 22, 347 (1874). 

*2 B. Gerdes, J. pr. Chem., (2) 26, 257 (1882). 

” G. B. Buckton, Soc. Quart. Journ., 7, 22; J. pr, Chem., 64, 66 (1855). 

2. That in a very great number of elements the maximum co- 
ordination number is six. The following examples illustrate this 
point, as well as those given above : — 
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[Pt(Br,)]R,.> [CrCye]R„== [Cr(SCNe)R„» 

[I>^CyR„« [FeCyJR/ [FeGj,-]U„^ 

[®'® : [Ru(NO,)«]R,“ [AIFJR^,*^ 

[SiF,]R^>» [Rug®]R^»etc. 


' W. Halberstadt, Ber., 17, 2962 (1884). 

* 0. T. Christensen, J. pr, Ghem., (2) 31, 165 (1885). 

^ J. Rosier, Annalen^ 141, 185 (1867). 

‘ A. Reinecke, ArmaUn, 126, 113 (1863) ; 0. Nordenskiold, Zeitsch 
Chem., 1, 135 (1892). 

* Th. Wilm, Ber., 22, 1542 (1889). 

» J. J. Berzelius, Pogg. Ann., 13, 435, 527 ; 15, 208 (1829) : F. Wohler 
31, 167 (1834); 0. Claus, J. pr. Chem., 39, 102 (1846). 

^ Dammer, Handbnch d. ariorg. cJiem., III. Band 
« Ibid. 


anorg. 


,ibid., 


f ^7 (1852) ; K. A. Hofmann, Annalen, 312, 1 (1900). 

P. T. Walden, Zeitsch. anorg. GJiem., 7, 331 (1894) 

w ® rend., in, 106(1890). 

367 (1856^''*^*' ^ 

“ J. J. Berzelius, Pogg. Ann., 1, 172 (1824). 

" A. Joly, CoTnpt. rend., 107, 994 (1888). 


(c) Values of the Maximum Co-ordination Number. 

We have seen that the co-ordination number of many elements 
18 SIX and the question naturaUy arises as to whether the maximum 
co-ordination number is always six. The reply is in the negative. 
The oxammation of the compounds of carbon afford the best 
illustration of this fact, for, as is well known, the number of atoms 
which can be directly linked to carbon never exceeds four. The 
maximum co-ordination number of carbon is consequently four. The 
values of the maximum co-ordination number and that of the 
principal valencies is, therefore, the same, and it is due to this fact 
that a differentiation between the two conceptions was not made 
earlier. But if the maximum co-ordination number of carbon is four 
It 18 natural to expect that other elements would have the same 

2 “ ; u I for it is found that those 

elemente which occupy positions next to carbon in the periodic 

ystem have four as their maximum co-ordination number. Boron 
a more positive element than carbon, and nitrogen, a more negative 
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element, ai'e good examples. Both boron, and nitrogen are trivalent, 
according to their hydrogen, BH3 and NH3, and chlorine compounds, 
BCI3 and ISfCIg, If they possess four as their maximum co-ordination 
number, then they ought to form the complex radicle MR4, when R is 
a monovalent group. The facts are in complete agreement with this 
prediction, as the existence of hydrofluoboric acid and the salts of 
ammonia show : 



and 


H 

H 




N 


• • 


HX 


H 


We consequently arrive at the following conclusions: The 
numerical value of the maximum co-ordination number and of the 
principal valencies is the same in the case of carbon. Such behaviour 
is exceptional. The maximum co-ordination number of carbon and 
of its neighbouring elements is four, while on the other hand, this 
value is six for the vast majority of the other elements. 

It appears probable that in a few elements the maximum co- 
ordination number can rise as high as eight \ for molybdenum gives 
rise to the compound (MoCy8)K4, which is stablein aqueous solution. 
Further, the addition products of the chlorides of the alkaline 
earths: CaCi^CSNH^),^ SrOl.CSNH^),^ BaC4(8NH3)," and the 
chlorides of zirconium and thorium, 21*014(8X113)4, ThCl4(8NH3), 
are, possibly, to be placed in the same class.® 



On the Co-ordination Number of Polyvalent 

Groups. 


Atoms and Atomic 


It is of considerable importance to know whether a divalent 
atom occupies one or two co-ordination positions. Information on 
this point is obtained from the examination of those radicles which 
contain divalent atoms. Should a divalent atom lay claim to two 
co-ordination positions, then the radicle MRg (R being a monovalent 


•p ! 

atom or group) would take the form M (R' being a divalent 


* H. Bose, Pogg. Ann., 20, 165 (1830). 

- Ihid., p. 154. 

® A. Joatmis, Compt. rend., 112, 337 (1891). 

* J. M. Mattheus, J. Amer. Chem. Soc., 20, 815 (1898). 

* A more recent examination of some of these compounds has shown that 
some, at any rate, are mixtures of metallic amides and ammonium chloride. 
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atom), 2.e. the limiting type of a complex radicle in the formation 
of which, for example, both oxygen and fluorine took part, must be 

of the form M ’ 2 . This, however, is not the case, as the f olio win 

• J- 4 ' O 

examples show : — 

[VFo]K 3> [vJ](NHA,- [moO](NHJ„^ | 

[Nby(NH,)„3 [MoOJ(NH,)„= j 

[ V (NH,)3,« [ wO^j (NH,)3.’ [mo (NH,)3,« j 

‘ Em. Petersen. Ber., 21,3258 (1888), 

" F. Mauro, ibid., 16, 2510 (1882) ; Gae., 19, 179 (1888). 

® C. Marignac, Ann. Chim. Phys., (4) 8, 34 (1866). 

^ IHd., (3) 69, 65 (1863). 

* Delafontaine, Arch. Sci. phys. nat., 30, 240. 

" Em. Petersen, Ber., 21, 3259 (1888). 

' C. Marignac, Arm. Chim. Phys., (3) 69, 66 (1863). 

® F. Mauro, Zeitsch. anorg. Chem., 2, 25 (1892). 

The composition of these compounds shows that divalent atoms, 
aa well as other atoms, occupy only one co-ordination position. 
The same conclusion is to be deduced from the composition of the 
limiting types of the oxygen and sulphur salts : 

(IO„)Ag5 and (GeS„)Age, etc. 

In agreement with the behaviour of the other elements, it is 

found that trivalent elements also only occupy one co-ordination 

position, as may be seen in the salts of nitrilopentachloroosmic 
acid.* 

[Os^j ] 

On the other hand, polyvalent radicles composed of several, 
atoms, as for example the residues of oxalic, carbonic, and sulphuric 
acids etc behave differently from polyvalent atoms. In these 
radicles the free valencies being on different atoms are conse- 
quently separated spacially, and hence, on saturation, such radicles 
occupy one or more co-ordination positions. This is true of CO, and 

' A. Womer and K. Dinklago, Ber., 34 , 2698 (1901). 
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C0O4 in the following compounds, the structural formulae of which 
may be written thus : 


[oCq • Co(NH 3), X ' and 



Co(NH3) 



' S. M. Jorgensen, Zeitsch. anorg. Oiem., 2, 282 (1892). 
^ Ibid., 11, 429 (1896). 


In constitution and chemical behaviour such compounds are 
completely in agreement with the diacidotetrammin salts 
[X2 Co(NH 3)4]X. Just as the action of ammonia on the latter 
compounds causes an acid residue to become indirectly bound to 
cobalt : 


X 


(H3N)4Co 


\x 


+ NH3 = X 



SO, in like manner, the entrance of ammonia into the carbonato- 
tetrammin salts causes a similar change to take place to one of 
the valencies of the acid residue : 


X 


o 


(H3N)^Co< NcO + NHs = X 


NH,— 0 


(H3N),Co: 


o 


A 


0 


a A. Werner, Ber., 86, 2378 (1903). 

In this compound the polyvalent acid residue, which is now only 
bound by one direct bond to the cobalt atom, is just as indissociable 
as it was in the original carbonatotetrammin salt. From these 
results it is to be concluded that polyvalent acid residues, built up 
from several atoms, occupy one or more co-ordination positions. 

The following compounds contain polyvalent acid residues occu- 
pying only one co-ordination position : 



1 S. M. Jorgensen, J, pr. Ghem., (2) 34, 262 (1885). 

2 A. Werner and N. Goslings, Ber., 36, 2378 (1903). 

5 S. M. Jorgensen, Zeitsch. anorg, Chem., 11, 1418 (1903). 
♦ P. T. Oleve, K. Sv. Akad. Ha^xdl., 10, No. 93. 
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On the other hand, we have, in the following compounds, 
examples of polyvalent acid residues occupying two co-ordination 
positions : 

[O3C . Co(NH3)JX,^ [CA • Co(NH3)JX,2 

[CACo en^lX,^ [ 0 ,S . Pfc)NH3)JX2,^ etc. 

* S. M. Jorgensen, Zeitsch. anorg. C/wtn., 2, 282 (1892).'! 

" Ibid., 11, 429 (1896). 

=• A. Werner and A. Vilmos, Zeitsch. anorg. Cliem., 21, 145 (1899). 

* P. T. Gleve, Om Ammoniakalkische Platina Fareningen, 1866, p. 72. 

And hence it is quite certain that polyvalent acid residues, just 

like other radicles, may be directly attached to the central metallic 
atom. 

(e) On the Actual Meaning of the Maximum Co-ordination 

Number. 

It has been shown that the maximum co-ordination number of 
the vast majority of those elements for which it was possible to 
accurately obtain this value is six, and that only a few of the ele- 
ments, members of the second group in the periodic system, viz. 
those with the smallest atomic volume, had the lower value of four. 
From these facts it is to be concluded that this numerical concep- 
tion of the affinity content of an atom is, within wide limits, inde- 
pendent of the size of the atom. If this be true, then the maximum 
co-ordination number must be considered as having reference to the 
space around the surface of the atom, i.e. it is a numerical concep- 
tion which expresses the number of atoms which can arrange them- 
selves in the first sphere of attraction of another atom. This idea 
leads to many inferences, which can be confirmed by experiment. 
In the first place, we may mention carbon as illustrating this point. 
The maximum co-ordination number of this element is four and 
according to the theory of VanT Hoff and Le Bel, four Itoms 
can group themselves in a symmetrical manner around the central 
carbon atom. The same is true of the ammonium compounds : 

(k|)x „ 

in which four groups are bound to the co-ordinatively saturated 
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nitrogen atom. The isomeric phenomena of these compounds cor- 
respond to the tetrahedral position which these groups occupy 
around the nitrogen. 

The characteristic difference between the carbon compounds 
CX4 and the analogous ones of other elements, viz. 81X4, 80X4, 
PbX4, supports the spacial explanation of the maximum co- 
ordination number. The compounds of carbon, in opposition to 
those of other elements, are unable to form addition compounds ; 
they can only form substitution compounds, e.g. carbon tetrachloride 
forms no chloro-salts, and carbon tetrabromide no bromo salts, etc. 

The six corners of a regular octahedron represent the sym- 
metrical positions which six atoms would take up around the central 
atom, the maximum co-ordination number of which was six. This 
octahedral position admits of two different spacial possibilities when 


the six co-ordinated groups are different, as in the com 



thus : 



Compounds with the complex should therefore exist in 

two isomeric forms. It has been possible to confirm this important 
deduction in the case of three elements : platinum, cobalt, and 
chromium. The maximum co-ordination number, when considered 
spacially, provides a means by which a very great number of phe- 
nomena may be grouped together, and is the first clear explanation 
to give any idea of the combining possibilities of the atom. More- 
over, the maximum co-ordination number is a working hypothesis 
of great value, because by it we are enabled to predict the type 
of compound to be expected on combining compounds of the first 

order. 
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4. The Number of Auxiliary Valencies. 

A phenomenon, differing essentially in its character from those 
which we have already studied, is to be observed in the formation 
of a series of molecular compounds, viz. the transformation of acid 
residues from the non-ionized into the ionized condition before all 
the co-ordination positions are filled. Platinous chloride, for 
example, takes up two molecules of ammonia, amine, phosphiue» 
sulphide, selenide, etc., without affecting its chlorine atoms; but as 
soon as a third molecule of one of these compounds is taken up, one 
chlorine atom becomes ionized ; and when a fourth molecule is 
added, the second chlorine likewise becomes an ion. Consequently, 
before the six co-ordination positions of platinum are occupied, the 
chlorine atoms, which originally were non-ionogenes, have become 
ionogenes. Paladium chloride behaves similarly. V. Kohlschiitter* 
showed that the introduction of the third thiocarbamide residue 
into the thiocarbamide compounds of monovalent platinum was fol- 
lowed by the transformation of the acid residue from the non-iono- 
gene into the ionogene condition. In all such cases the resulting 
compounds, as for example : 

behave as if the central atom was co-ordinately saturated, while in 
reality this is not the case. The divalent platinum compounds are 
particularly suited to illustrate this fact. Thus, for example, 
tetrahydroxylaminplatohydroxido may be formed from the chloride, 
and has in consequence the formula : 


JCI, [Pt(NH,)JCl„ [Pd(NH3),Cl.^ [Cu[SC(NH3).j3]Cl 



And further, the tetramminplato compounds can, under certain 
conditions, take up still another molecular component, a fact made 
evident in the following structural formula ; 


(NH3)2 

* Clove, On Am?nonutcal Platinum Bases, 76 (1872). 

The transformation of the acid residue from a non-ion to an 
ion therefore cannot, as was the case in the substitution compounds, 

Annalen, 349, 232 (1906). 



1 
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be considered as resulting from the interposition, due to complete 
co-ordinative saturation, of the substituents between the central 
atom and the acid residue. The transformation consequently must 
be effected by some other factor. 

The following words, which are as free as possible from unlikely 
assumptions, sum up these changes : After the saturation of a 
definite number of auxiliary valencies, each further addition of 
a molecular component takes place in such a way as to cause a 
principal valency to transmit ionic properties to the acid residue 
attached to it. The number of auxiliary valencies which are 
saturated, when the first acid residue receives ionogene properties, 
is called the “ionogene auxiliary valency number." This number 
is different in different elements, and probably varies with the 
nature of the molecules which become attached by the secondary 
valencies. 


III. On the Units of Valency. 

1. Introduction. 

Just as the new structural formulse of molecular compounds 
require an increase in the saturation capacity of most elementary 
atoms, so, in like manner, must the number of valencies which 
come into action on the atom undergo a like increase. The exten- 
sion of the doctrine of valency which thus becomes necessary is, 
on this account, quite comparable with the change from the con- 
ception of constant to that of variable valency. But the units of 
valency formerly ascribed to the atom were of the same kind as 
those already existing on the atom, whereas those now proposed, as 
a result of our deductions on co-ordination formulae, differ from 
those already on the atom, inasmuch as they bind quite different 
radicles. Consequently a difference must be made in the names 
which are given to these two manifestations of affinity, and it is 
proposed to call them principal (or primary) valencies, and auxiliary 
(or secondary) valencies. 

The following paragraphs are intended to make clear the differ- 
ence between principal and auxiliary valencies. 


2. Definition of Principal and Auxiliary Valencies. 

For the present only the chief differences between these two 
types of valency can be given, for the more accurate definition can 
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be properly understood only when a knowledge of their relationships 
to one another and of the peculiar phenomena attending their 
saturation has been described. When we confine ourselves solely 
to the experimental facts — as far as we at present know them — 
principal and auxiliary valencies may be defined as follows : — 

1. Principal valencies are manifestations of affinity, which 
permit their saturation capacities to be measured in terms of 
hydrogen atoms or groups equivalent to the latter. 

2. Auxiliary valencies are manifestations of affinity which 
bring about the stable union of radicles ; the latter being able 
themselves to exist as independent molecules. 

Thus principal valencies are able to bind : 

_C1, — Na, — NO„ — CH 3 , etc. 

Auxiliary valencies are able to bind : 

— OH 2 , — NH 3 , — CIK, — CrClg, etc. 


3. The Unit of Valency considered as a Directed Independent 

Force.* 

(a) General remarks. 

The fact that an atom is able to combine with a definite 
maximum number of other atoms is even to-day, in many cases, 
interpreted as meaning that the affinity of an atom only comes into 
action through a definite number of units of valency which are 
considered as independent forces (^einzelkrdfte'). According to this 
conception the unit of valency consists of a fraction of the affinity 
of the atom appearing as an independent force, and acting so as to 
hold together two atoms, thus forming a molecule. Some experi- 
menters further assume that these independent forces (units of 
valency) only act from definite positions on the surface of an atom,'^ 
and polyvalent atoms therefore have their units of valency separated 
and assigned to definite points on their surfaces. Other workers 
have added the hypothesis that the units of valency can act only in 
definite directions in space.® Thus, for example, the four valencies 

* In the following disoussion only tho principal valencies receive con- 
sideration, bocauBO the auxiliary valencies are loss suited to such treatment, 

* Erlenmoyer, Lehrbuch der organischen Chemie, p. 40. 

* Van’t Hoff, La chimie dans Vespacc, 1875. 
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of carbon are supposed to act in the direction of the four corners of 
a regular tetrahedron, the carbon atom being at its middle point. 

The hypothesis, that units of valency are independent forces, 
forms the basis of many of the present-day theories, particularly 
those which deal with steric-hindrance. This conception of the unit 
of valency contains in it more than may logically be deduced from 
the facts, requires hypotheses on the internal structure of the atom, 
and presents problems which, in spite of much work and trouble, 
have not as yet been solved.^ 

For example, it presupposes that definite positions on polyvalent 
atoms are different from others it requires the relative positions 
of these differing points to be indicated ; it asks in what direction 
and at what angle the units of valency act; and, in short, requires 
a definite picture of the configuration of the atom. 

Lossen ^ has recognized the difficulties of the theory which 
ascribes to the unit of valency an individual existence, and has 
written against such a conception in his paper “ JJher die Yerteilung 
der Atone in der Molelcel.” He defines valency from the facts 
and without the introduction of any hypothesis in the following 
words:’’ The value (valency) of an atom is a number which 
expresses how many atoms are present in its combining zone. 
Since the number of atoms directly bound to a polyvalent atom 
varies, so is the value of such a polyvalent atom variable.*’ A. 
Claus ^ has expressed similar views. He says, “ The hypothesis 
that valency in polyvalent atoms is a pre-existing force acting with 
definite units of affinity is just as unfounded as it is unnatural.’ 

It is therefore obvious that a series of reasons may be brought 
forward to disprove the supposition that valency manifests itself in 
independent forces on an atom. A further argument against such 
a theory is to be found in the phenomenon already exhaustively 
discussed in the foregoing pages, viz. that valency can exhibit every 
possible value below the maximum. For were the theory true, 
then we should have a number of unsaturated independent forces 
on the majority of the elementary atoms in most compounds, pro- 
vided that the additional, unproved hypothesis of mutual saturation 
was not introduced. 

^ Wunderlich, Konfiguration organ. MoleJcUle, p. 8. 

* Lossen, Ann. Chem. u, Phami.y 204, 327 (1880). 

3 Ibid., 204, 265 (1880). 

< Ibid., 204, 284 (1880). 

* Ber., 14, 432 (1881). 
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The roost weighty objections to the theory of individual valencies 
are to be deduced from the behaviour of certain carbon compounds, 
because the phenomena resulting from the valency conditions in 
organic compounds is best characterized — a result to be directly 
referred to the high state of development attained in organic 
structural forraulse. The examination of these phenomena discloses 
a series of simple changes for which we might seek an explanation 
in vain were we to suppose that valency acts only at definite points 
on the atom, while on laying aside such a supposition a satisfactory 
explanation may be obtained. Phenomena of this description are 
met with in the racemization of optically active compounds, and in 
compounds with polybound carbon atoms, c.g. in the transformation 
of geometrical isomers. Some of these phenomena will receive a 
short treatment in the following paragraphs. 


(b) Objections to the Theory that Valency is a Directed 

Individual Force. 


(a) Kacemizatlon of Optically Active Compounds. 

It is well known that all optically active compounds may be 
transformed into their inactive modifications. This change may be 
illustrated by the following examples. Optically-active amyl 
alcohol on heating yields the inactive alcohol. The same change 
is brought about by warming with caustic soda ; it even takes place 
during the preparations of the active form.^ Heat transforms active 
lactic acid into the inactive form.“ Leucine, when heated with 
baryta-water to 166°, passes into inactive leucine;^ a similar change 
takes place when aspartic acid is heated 170-180° with any salt of 
hydrochloric acid.^ The active mandelic acids pass into the 
inactive acids when heated to 180°,” etc. 

Lewkowitsch ” in the following words has called attention to the 
difficulties experienced in giving a satisfactory explanation of such 
racemization; “Although the transformation of paramandelic 
acid into both active isomers is easily explained by Van’t Hoffs 


1 

2 
Z 
i 
A 
0 


Le Bel, Gompt. rend., 87, 213 (1878). 
Wialicenus, An-nalen, 167, 318 (1873). 
Schulze and Bosshard, Bcr., 18, 388 (1885). 
Michael and Wing, ibid., 17, 2984 (1884). 

Lcwlfowitfloh, ibid., 16, 1575, 2722 (1883). 
Ibid., 16, 2722 (1888). 
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hypothesis, the explanation of the reverse change offers con- 
siderable difficulty.” This is indeed true, for when explaining this 
change with the help of the theory of separated units of valency, 
we must assume that under the influence of the reagents either the 
radicles change their places or the units of valency themselves, 
together with the radicles attached to them, must change their 
places. The former supposition would require the individual 
radicles, for a short interval of time, to be loosed from the carbon 
atoms, with the result that it ought to be possible, under the ex- 
perimental conditions, for them to combine with one another to 
form stable molecules. Hence in the racemization of optically 
active bodies, by-products should be formed ; an inference which 
finds no experimental support, for such reactions generally go very 
smoothly. If, on the other hand, it is assumed that the units of 
valency can change their places in company with the radicles 
attached to them, then, since these units of valency are themselves 
linked to definite parts of the atom, it must also be assumed that 
these parts of the atom are able to change their positions with 
respect to one another. Hence the material composing the atoms 
must, to a certain extent, be mobile, an assumption which, without 
a more certain foundation, would seem improbable. 

( 0 ) ITnsatTirated Linkings. 

The properties of unsaturated compounds are in opposition to 
the conception that valency consists of unchangeable and individual 
forces, as will be made clear by the following considerations. The 
original idea of poly bonds took as its foundation the supposition 
that two atoms could be bound to one another not only by one but 
also by several single bonds (valencies). The behaviour of such 
compounds contradicts the idea of such a strengthening of atomic- 
bindings, for doubly bound atoms are more chemically active than 
those which are only singly bound, since the conditions have, up to 
the present, been most thoroughly worked out in the compounds of 
carbons, and as the conclusions thus reached are applicable to 
inorganic compounds, the following discussion will be treated from 

the point of view of the carbon compounds. 

Carbon atoms linked together by several bonds usually exhibit 
an increased reactivity, i,e. they evince an unsaturated condition as 
if the formation of these double bonds caused the saturation of the 
molecule to become incomplete, saturation only being restored by 
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the addition of certain components. The most suitable name for 
such double bonds is therefore “ Incomplete-bonds ” (“ Liichen- 
hindung ”). 

The want of agreement between the structural formulae and the 
behaviour of compounds with double bonds has caused it to be 
denied that double bonds exist. Lessen^ writes, “ I call oxygen 
divalent because in its combining zone two atoms of hydrogen, two 
of carbon, or, in short, any two atoms can exist. An atom cannot 
be twice in the combining zone of a carbon atom ; to assume that is 
nonsense. My way of considering the matter knows no double 
bonds on poly-valent atoms.” F. W, Hinrichsen ^ has also written 
against the conception of double bonds. According to this author, 
all elementary atoms which have not yet attained their maximum 
valency in their compounds are unsaturated, and consequently 
ethylene and acetylene compounds are simply special examples of 
unsaturated compounds. The opinion of Hinrichsen in this simple 
form is untenable, for if unsaturated bonds exist in ethylene, why 
should we not be able to prepare such compounds as ethyl, 
OH3 . CH2 — ; ethylidene, H3C . CH= ; or unsaturated trime- 

OH — 

thylene, CHg ^ Consequently for just those compounds in 

which such “incomplete bonds” are most in evidence, those in 
which the unsaturated valencies are on neighbouring atoms, is the 
explanation of Hinrichsen most wanting. 

In order to bring about a more satisfactory agreement between 
the behaviour of compounds containing double bonds and the 
structural picture of the same, special suppositions on the nature of 
double bonds have been brought forward. The best known of these 
is that known as Baeyer’s tension theory.® According to this 
theory the valencies which originally were directed outwards from 
the corners of a regular tetrahedron become forced from this 
position and thus have a tendency to return to their first state. 
In this way Baeyer explains the fact that the carbon atoms in 
ethylene compounds, in spite of being doubly bound, are less firmly 
joined than those which are linked together by single valencies. 
Against this mechanical picture, which compares ethylene linkings 
to strained springs, several objections have been raised. Thus, for 

* Armalen^ 204, 296 (1880). 

» Hinriohson, Tiber den gegenwartigen Sta 7 id der VaUnzlehre, p. 223. 

• A. V. Baeyer, Ber. X8, 2277 (1885). 
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example, it has been pointed out ^ that these compounds are formed 
at high temperatures, i.e, under conditions in which such a labile 
condition would be most unstable. 

All these difficulties, as is obvious, are the necessary con- 
sequences of supposing that valency acts as an individual force. If 
this hypothesis be laid aside, then it is possible to obtain a satis- 
factory picture for poly-bound atoms. This will be described in a 
later chapter. 

(7) The Behaviour of Carbon Compounds containing several Ethylene 

Linkings. 

Phenomena, irreconcilable with the supposition that valency is 
a directed individual force, are also to be observed in compounds 
which contain several double bonds. Compounds, in which both 
ethylene-linkings are contiguous, thus >C=C — C=C<, form 
addition compounds on the end atoms according to the equation : 


R R 

R R 

\/ 

\/ 

0 

11 

CH 

CX 

1 

1 

CH 

1 

+ X3 = 11 

CH 

II 

C 

CH 

I 

CX 


/\ 

R R 

R R 


Baeyer, when working on muconic acid, was the first to draw 
attention to this behaviour. Thiele ^ explains the unsaturated 
condition of the end carbon atoms by supposing there exists on the 
two middle carbon atoms a certain amount of residual affinity ; this 
residual affinity being a necessary consequence of the formation of 
ethylene linkings. The middle carbons are therefore able, to a 
certain degree, to mutually saturate themselves, and the end 
carbons, being unable to do so, remain unsaturated and consequently 
in a position to form addition compounds. Thiele represents such 
a so-called conjugated system in the following way : 

1 V. Meyer, “ Ergebnisse und dei' Stcreochemischen ForschungR Ber.y 23, 
582 (1890). 

* Annaleny 306, 87 (1899). 
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>C=C— C=C< 




It is clear that such a division of valencies is impossible on the 
assumption that valency is an individual force. 

(8) The OonversioQ of Geometrical Isomers. 

The limited rotation of doubly bound carbon atoms is explained 
by supposing that the valencies constituting the double bond are 
not parallel, but at an angle to one another. This supposition is 
the logical outcome of Van’t Hoff’s theory, in which the valencies 
are supposed to be at the corners of a regular tetrahedron. It is 
difficult, however, to reconcile this theory with the well-known 
transformation of geometrical isomers. A few examples of these 
transformations may serve to bring the subject freshly to mind. 

The action of mineral acids, particularly halogen acids, cause 
maleic acid to be quantitatively transformed into fumaric acid.^ 
The same result is brought about by heating a 10 to 30 per cent, 
solution to 200-220°.^ 

The esters of maleic acid likewise are transformed into the esters 
of fumaric acid by halogen acids, and quantitatively by a trace of 
iodine.3 The opposite change also takes place ; fumaric acid on 
distillation passes into maleic anhydride. 

Crotonic acid on long heating at 160— ISC^ passes into iso- 
crotonic acid,^ /3-chlorcrotouic on heating at 160° for twenty-four 
hours passes into /3-chlorisocrotonic acid,* etc. 

The explanation of these phenomena proposed by Wislicenus,*^ 

viz. the configuration most favourable to these changes is produced 

from the unfavourable by the formation of addition compounds, 

was unable to withstand an experimental test, and consequently is 
untenable. 

Still more unnatural is that proposed ^ to explain the transfor- 
mation of the two crotonic acids. 

' Kekul6, Annalen, Supp., 1, 134 ; Aymalen, 223, 186 (1883). 

* Tanatar, Der., 23, aba. 433 (1890). 

’ OsipoCE, ibid., 12, 2095 ; Anschutz, itid., 12, 2282 (1879). 

‘ Fittig, ibid,, 9, 1194 (1876). 

“ Friodrich, Anyialen, 219, 370 (1883). 

p 38^^^^ ^ rdumliche Anordnung der Atonie in organiscfien MolekUlen, 

^ WisUcenuR, loc. cit,, p. 55. 
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3C H 

H3C H 
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According to this explanation either an interchange of position 
occurs between the radicles united with the C : C group in order to 
produce a more stable compound, or the double bond between the 
carbon atoms is loosened so far, that by the action of the strong 
affinities a turning movement of the system follows, after which 
comes a wandering of a hydrogen atom to the nascent affinity of 
one of the radicles not causing this rotation, and finally, the 
reformation of the double bond takes place. 

The necessity of making such complicated suppositions shows 
that the hypothesis which requires valency to be a force which 
acts solely in one definite direction leads to an untenable position. 
When it is further borne in mind that the hypothesis is likewise 
unable to explain the addition of reagents to ethylene compounds in 
the fraH5-position, we are forced to conclude that it is useless when 


applied to the ethylene compounds. 

We see, therefore, that in the most varied branches of chemistry 
objections may be brought against the theory which supposes 
valency to be a directed individual force, so that from a chemical 
standpoint it is improbable. 


4. On tlie TTature of Principal and Auxiliary Valencies. 

The Coincident Character of Principal and Auxiliary Valencies, 

From the definitions already given of principal and auxiliary 
valencies we should be justified in assuming that these two types of 
valencies were quite different from one another. Such an assumption 
would be wrong, for many phenomena indicate that in their 
method of action both valencies are in many ways identical. This 
may be seen primarily from the fact that just those elements are 
bound by auxiliary valencies which form principal valency com 
pounds either with particular ease or form particularly stable com 
pounds. The following examples will illustrate this in a convincing 

way. c t.* 

The salts of the alkalis and alkaline earths, the oxides of wnic 
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are characterized by their stability, form, through the addition of 
water or alcohol, well characterized hydrates and alcoholates. 
Those sulphides distinguished for stability yield addition products 
with alkaline sulphides, e.g. the salts of mercury, silver, and 
platinum, iron, chromium, arsenic, and antimony are well known 
for their ability to form sulpho salts. The halogen compounds of 
the platinum elements, which are noted for their stability, yield 
well-characterized and very stable halogeno salts, e.g. platinum 
chloride, gold chloride, paladium chloride, etc. Many analogous 
examples can be mentioned. 

That principal and auxiliary valencies are closely related is to 
be seen further in the fact that the saturation of one will either 
strengthen or weaken the other. Thus, for example, higher oxides 
which are unstable in the free form become stable through salt 
formation. This is true for iron trioxide, which in its ferrates 
is stable ; and also for the bromates and many persalts, which 
cannot as such be prepared in the free state, etc. A similar state 
of things is demonstrable for the higher halogen derivatives. 
In the free state it is impossible to prepare manganese tri- and 
tetrachloride, but in the form of double chlorides they are easily 
prepared ; lead tetrachloride is likewise more stable in the form 
of its double chlorides. Trivalent cobalt, which in its ordinary 
salts is very unstable, becomes very stable on the addition of 
ammonia; this is also an example of the same class of pheno- 
mena. That the principal valencies, on the other hand, can bo 
weakened is to bo seen in the ease with which carbon monoxide- 

cuprosulphato can be prepared, whereas cuprosulphate 

Cu.^80j can only be prepared with difficulty. Iron exhibits a 

similar phenomenon. While the salts of divalent iron are very 

unstable, and even pass into the trivalent condition by action of 

the air, the opposite reaction takes place when iron is combined 

with 3 molecules of a-dipyridyl or 3 molecules of o- phenanthroline. 

Trivalent iron is, under these conditions, only to be retained by 

very cautious work ; it passes with very great ease into the divalent 
condition. 

Finally, that the auxiliary valencies, in like manner, can undergo 
a change dependent upon the groups used to saturate them is seen in 
the fact that different salts of the same element do not always unite 
with the same number of molecular compounds. Thus cadmium 

F 


0 
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bromide aad iodide unite with six molecules of pyridine, to form 
[CdPyJBia and [CdPyJIa, but the nitrate only takes up two 
molecules of pyridine. A similar behaviour is observed in the 
compounds manganese bromide and manganese nitrate. Copper 
bromide and copper chloride likewise combine with different 
quantities of pyridine, the former with six, and the latter with 
two molecules. Grossman ^ in particular has drawn attention to 
such behaviour. 

This close relationship between principal and auxiliary valencies 
permits the existence of a series of compounds, intermediate between 
both kinds of valency, to be predicted. In such a series it ought 
to be impossible to decide to which class of valency the component 
groups belong. 

Two examples will suffice to illustrate this class, viz. sodium 
nitroprusside and potassium carbonylferrocyanide — 

In these compounds it is practically impossible to decide to 
which class of valency the NO and CO groups belong, and it on 
this account appears doubtful whether it is permissible to ask this 
question in such cases. 

Purely for structural formulre, i.e. for the pictorial representation 
of the atomic linkings as deduced from the chemical properties of 
their compounds, the difference between principal and auxiliaiy 
valencies has little or no significance, and the most natural course 
to take is to make no difference between the bonds, but simply 
indicate their position by a point or line between two united atoms. 
Nevertheless it appears desirable to preserve for the present the 
difference between principal and auxiliary valencies, for to-day the 
doctrine of valency is in a transition state, and hence it is judicious 
to construct sharply defined conceptions, which will serve, at a later 
date, as the foundation stones of a comprehensive doctrine of 
valency. On this account, when a difference between principal and 
auxiliary valencies has to be made, the former may be indicated by 
a straight line and the latter by a dotted line. 

1 Ber., 37, 564, 1253 (1904). 

2 Playfair, Annaleii, 74, 317 (1852) ; Kyd, ibid., p. 340 (1852) ; Hoffmann, 
ibid., 312, 1 (1900). 

^ Muller, Co7npt. rend., 129, 962 (1899). 
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5. The Electrochemical Conception of the Principal Valencies. 


(a) General. 


When defining principal and auxiliary valencies wo left un- 
considered the fact that the former often confer ionogene properties 
on the radicles they bind, while those radicles which are linked by 
auxiliary valencies never appear as ions. This difierence of pro- 
perty is characteristically shown when metallic atoms are attached 
by principal and secondary valencies to the same group, as, for 
example, in the “inner complex salts” (copper glycocoll, etc.). 
Such salts in aqueous solution exhibit no dissociation, while, when 
the same metal is bound by principal valencies to a completely 
analogous group (copper acetate), dissociation takes place. It is, 
nowadays, generally accepted that a definite quantity of electricity 
is associated, in the form of atoms of electricity (electrons), with 
such atoms ; and that every unit of valency binds an elytron 
(96540 coulombs). Lately the additional assumption has been 
introduced that in salts an electron (for every unit of valency) has 
been given up by the positive atom and been attached to the acid 
residue. From this standpoint, atoms which are bound together 
by principal valencies are characterized by the fact that this dis- 
placement of electrons can take place, a procedure which is im- 
possible with auxiliary valencies. 


The author at one time was of the opinion that this difference 
in behaviour was due to a fundamental difference between the two 
typos of valency, but latterly has changed his opinion, and now 
believes that the electrochemical phenomena accompanying the 
saturation of principal valencies is a secondary action, and^uite 
different from the purely chemical one. It may, however, accom- 
pany chemical change, but is not a necessary consequence. The 
electrochemical change is only dependent on the chemical in as far 
as the saturation of the affinity causes at the same time a loosenin'/ 
of the electron on the positive atom, and thus makes possible the 
transference of the electron to the negative component of the salt 
It should be remembered, nevertheless, that the more saturation of 
the pnncipal valencies is insufficient to bring about this transference 
for many binary compounds are unionized although the atoms are 
linked together by principal valencies. In such cases it is necessary 
that some auxiliary valencies bo saturated before the ionization of 
these atoms is brought about. The number of auxiliary^^^^^ 

. 
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which have to be saturated first has already been defined as the 
ionogene auxiliary valency number.” 

(b) The Difference hetween Ionogene and Non-ionogene Linkings. 

The conception developed above, viz. that when principal 
valencies are saturated two changes take place, one purely chemical, 
and the other electrochemical, is of great importance to the 
theoretical treatment of the problem of valency. On the one hand, 
it offers a basis upon which it is possible to reconcile the doctrines 
of principal and auxiliary valencies, which up to the present have 
been irreconcilable, and, on the other hand, the theory leads to 
conclusions which tend to clear up a series of phenomena which have 
up to the present been incomprehensible. These may be set forth in 
what follows. To explain the difference between ionogene and non- 
ionogene groups two suppositions may be made, either that the 
electrochemical change, i.e. the transference of an electron, takes 
place simultaneously with the saturation of the auxiliary valencies, 
or that such a transference is only possible in solution. This latter 
supposition appears to the author to be the more improbable one 
because it is possible to prove differences between ionogene and 
non-ionogene groups even when the compounds are not in solution 
but in the solid state. For example, on pouring concentrated 
sulphuric acid over solid cobaltates ionogene chlorine is immediately 
evolved as hydrochloric acid, but the non-ionogene chlorine remains 
unaffected. Our first supposition, however, leads to the important 
conclusion that principal valencies can produce two different kinds 
of linkings, viz. the non-ionogene bonds, in which electronic-trans- 
ference has not taken place, and ionogene bonds, in which such a 
transference has been completed. This difference may be repre- 
sented schematically as follows : 

Me®— X Me— X© 

non-ionogene bond ionogene bond 

The conclusion that the two types of principal valencies exist 
partly covers Baeyer’s theory. The essential difference between the 
two theories rests in the idea that the principal valencies undergo 
a change when the auxiliary valencies on the atom are saturated. 
Consequently, our theory, in opposition to Baeyer*s, does not predict 
the existence of the isomers Me ^ — X and Me~— X. 

‘ The abbreviation Me has been used to represent the word “ metal *’ ; M 
to represent “metalloid.” 
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Our representation touches upon the complicated conception of 
Abegg and Bodlander on the strengthening of the electro-affinity 
of simple ions through the formation of complexes, for the molecules 
which we suppose joined by auxiliary valencies correspond to the 
so-called neutral parts of Abegg and Bodlander. 

In certain cases a change of colour is observed in a compound 
in which a non-ionogene principal valency changes into an ionogene 
linking; this phenomenon has been called by Baeyer “ Halo- 
chromism This is very well exhibited in the colourless triphenyl 
chlormethane, which becomes yellow on the addition of metallic 
halides to the chlorine, e.g. {CgH5)aC . Cl . SnCb, etc. Colourless 
phenolphthalein becomes an intense red on the addition of AlCIj 
and SnCh, yields salts of the formulae Co„HiPj . AlCls and 

. SnCl^d It is not always possible to decide whether a 
change of constitution accompanies the transition of an non-ionogene 
into an ionogene compound. In some instances this is the case, 
but whether it is invariably so is doubtful. 

6. The Affinity Value of Valencies. 

(a) The Yartahle Affinity Values of Princijial Valencies, 

The previous paragraph has proved that principal and auxiliary 
valencies are identical, and it could be shown that units of valency 
cannot be considered as definite individual forces. In conclusion 
we have only to decide how the unit of valency is to be defined. 
According to my idea the complicated doctrines of valency and 
co-ordination can only be viewed from a common standpoint, when 
it is assumed that the unit of valency is not constant, but varies 
with the nature of the atoms it joins together, and with the 
variable amount of affinity on these atoms. This assumption lends 
itself to experimental test. For example, if the affinity content of 
the atom Me in the system Me — X, becomes saturated owing to Me 
being linked to other atoms and groups, then Me has less affinity 
over than it had previously for the bond between Me and X, with 
the result that X has a certain amount of residual affinity. Should 
this roach a certain value, it will bo able to produce auxiliary 
valencies, and hence the formation of molecular compounds will be 
possible. In such cases addition compounds MeX . A are to be 
expected. They are to be expected particularly in the compounds 

‘ Moyor and Hantzsoh, Ber., dO, 8479 (1907). 
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MeX» in which ti, the limiting number of the principal valencies, 
has been reached. In such compounds it is probable that the nth 
valency will be weaker than the others, and hence the radicle 
bound by it will be able to form addition compounds. These 
theoretical considerations have been fully confirmed by experiment,^ 
Thus, in the limiting compounds of the halides, one halogen 
atom has exhibited a capacity for the exorcising of an auxiliary 
valency. This power is evinced by the inclination displayed by 
halides for the formation of halogen salts. The following com- 
pounds evince this tendency : SCl^, SeCh, PCI5, PBrj, etc., for they 
form salts like potassium chloride ; 


KCl + AuCl. 
Cl, SCI + AuCl 
Cl,SeCl + AuCl, 
ChPCl + AuCl, 


— 


a — 


K(ChAu) 

Cl,S(ChAu) 

Cl,Se(ChAu) 

ChP(Cl,Au) 


The following examples illustrate this class of salts : — 


1. SCI 4 : C1,SC1 . AuCl,,^ ChSCl . FeCl,,- CI 3 SCI . SbCl,,^ 


2 . 

3. 


CI 3 SCI . AlCl,,^ (Cl,SCl)oSnCl„® 

SeCl, : Cl,SeCl . AuCl,,' Cl.SeCl . SbCl,.® 

PClc : ChPCl . AuCl,,^ Cl, PCI . AlCl,,^® Cl, PCI . MoCl,,” 
C1,PC1 . UCy- Cl.PCl . SnCl,,^^ Cl, PCI . TiCl,,^‘ 
Cl,PCl . SbCl,,^*’^ C1,PC1 . IC1,^« Cl, PCI . CrCl,,^' 


^ Liudct, Coinpt. rend.y 101, 1492 (1885). 

2 Ruff and Einbeck, Ber.^ 36, 418 (1903). 

3 Ruff and Fisher, ihid.^ 36, 418 (1903). 

* Ruff and Plato, ibid.^ 34, 1749 (1901). 

* Rose, Jahresber., 1852, 393; Pogg. Ajin., 42, 517 (1837). 

« Rose, Pogg. Ann., 15, 145 ; 16, 57 ; 42, 517 (1837). 

' Lindet, Compt. rend., 101, 1492 (1885). 

« Weber, Pogg. Aim., 125, 78 (1865). 

® Lindet, Compt. rend., 101, 164 (1885). 

Weber, J.pr. Chem., (1) 76, 408; Baudrimont, ibid., (1) 88, 80 (1863). 
“ Cronander, Bull. Soc. Chim., (2) 19, 500 (1873). 

Ibid. Casselmann, Jahresber., 1852, 394. 

** Weber, ibid., 1867, 206; Pogg. Ann., 132, 452 (1867). 

• 15 Weber, ibid., 126, 178; Cronander, Bull. Soc. Chim., (2)19, 499 (1873). 
Baudrimont, Compt. rend., 65, 361 (1862). 

” Cronander, Bull. Soc. Chwi., (2) 19, 501 (1873). 


* A. Werner, “ Uber den wechselnden Ajffinitiitsioert einfaclier Bindu7igen,** 

Ber., 39, 1278 (1906). 
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Cl, PCI . FeCls,* (Cl,PCl),PtCl„^ (Cl4PCl)2 . MoCl„“ 

(Cl,PCl)2(HgCL)3.‘ 

PBfj : Br,PBr . AuBr„* Br,PBr . BBrj," Br,PBr . Br^.’ 


^ Cronander, Bull, Soc. Cliim.y (2) 19, 501 (1873). 

* Baudrimont, Compt. rend.^ 55, 361 (1862). 

3 Cronander, Bull. Soc. Chim,, (2) 19, 500 (1873). 

* Baudrimont, Compt. rend., 55, 361 (1862). 

= Lindet, ibid., 101, 164 (1885). « Carible, ibid., 116, 1521 (1893). 

’ Kastle and Beatty, Amer. Ghem. J., 21, 392 (1899). 


In organic compounds similar phenomena are to be observed 
particularly in the triphenylmethane series. Triphenylchlor- 
methane, and its homologues, form the following class of com- 
pounds : 


(C,ft),CCl . AICI3 ^ (C«H,)3 . C Cl . SnCl^ " 

2(CJI,)3C Cl . (HgCy, » 2(C„H,)3C Br . (HgBr^^ = 

(CeH3)3C Cl . ZnCL “ (C,H, . CH3)3CC1 . HgCl, “ 

(C„H, . CH^XCCl . FeCl, “ 


‘ Norris and Sanders, Amer. Chem. J., 25, 54 (1901). 
* Kehrmann, Ber., 34, 3818 (1901). 

3 Gomborg, J. Amer. Chem. Soc., 23, 496 (1901). 


This leads us to suppose that the affinity of the carbinol carbon 
has great claims laid upon it by the three phenyl groups, which 
results in a very small residue remaining for the fourth radicle. 
This latter radicle is therefore uusaturated, and is consequently 
able to form addition compounds. 

Our discussion therefore leads us to conclude that the valencies 
of the elements in their compounds, although they are all indicated 
in structural formuhe, in the same way, i.c. by a stroke, are not 
all of the same value. 


(b) Differences between the Affinity Value of Princqjal and Auxiliary 

Valencies. 

Atoms whoso affinity content is already to a great extent 
saturated, will have a smaller amount of affinity remaining than 
those in which this is not the case. Thus, the oxygen atom in 
water has less unsaturated affinity than the hydroxyl group. This 
remark can be made of general application by saying that the 
elementary atoms of complex molecules have less affinity for 
I the formation of molecular complexes than the atoms of radicles. 
\Wo must conclude, since in the former chiefly auxiliary valencies 
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are active, and in the lattei’ principal valencies, that the saturation 
of auxiliary valencies usually requires a less amount of affinity 
than that required by principal valencies. There is, therefore, a 
gradual difference in the affinity values between principal and 
auxiliary valencies. So that we should expect all possible values 
in a transition series between both types of valency, and it would 
consequently be impossible to fix sharp limits between them — an 
inference completely borne out by experiment. 


(c) The Affinity Value of “ Incomplete BondsI 

On comparing ethylene compounds with other compounds, we 
see that the degree of saturation of the ethylene carbon atoms 
assumes a sort of intermediate position between the carbon atoms 
in the paraffins and the carbinol carbon in triphenyl methyl, and 
according to the nature of the atoms in combination with the 
ethylene carbons either of these stages of saturation is reached. 
We can, therefore, distinguish different degrees of saturation in 
ethylene carbon atoms. They are usually more saturated than 
carbinol carbon in triphenylmethyl, and in some cases they are 
so strongly saturated, that they do not exhibit some of the 
characteristic reactions of ethylene carbons, e.g. the addition of 
bromine to tetraphenyletliylene. In other cases their highly 
unsaturated character may be distinctly recognized in certain 
phenomena, e.g. the tendency for polymerization exhibited by 
certain ethjdene bodies, particularly those which polymerize merely 
through the action of light, as cinnamic acid, styrol, cumarin, etc. 
Finally, there are ethylene compounds known, which scarcely differ 
in their degree of saturation from triphenylmethyl, thus dimethyl 
fulvene, which has been examined by Engler and Frankenstein,^ 
passes into a disuperoxide, CyHio 04 , through the absorption of 
atmospheric oxygen. Some other fulvenes under like conditions 
also yield superoxides. 

Amongst the terpines there are also some ethylene compounds 
(pinenes) which absorb atmospheric oxygen and pass into super- 
oxides. 

From such varied behaviour we draw the conclusion that poly- 
bound atoms exhibit a degree of saturation the value of which is 
dependent on the nature of the atoms to which they are joined. 

^ Ber., 34, 2933 (1901). 
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This is smaller than that expressed in the structural formula, but 
greater than the nexfc lower degree of saturation as expressed by 
valency formula. 

IV. Concluding Considerations on Affinity and Valency. 

The proof that the affinity value of atomic bonds is variable, 
naturally leads to the idea that the phenomena contained in the 
doctrines of valency and of co-ordination can be developed from 
certain fundamental suppositions on affinity. As a matter of fact, 
this can be shown to be true without making any improbable 
assumptions.^ 

Let us suppose that the atom consists of homogeneous matter. 
Hypotheses on the form of the atom are unnecessary, because the 
atom, both free and in a molecule, must be supposed to be always 
in motion, and its particular form with respect to its spacial limits 
within which it oscillates can only be of secondary importance. 
But for the sake of simplicity we can suppose it to be a sphere, and 
further, such a supposition also simplifies our mechanical picture of 
the structure of the molecule. 

We will also make the following simple suppositions on affinity. 
Affinity is an attractive force which acts from the centre of the 
atom, and is of equal value at all points on its surface. With such 
a definition of affinity it naturally follows that separate units of 
affinity do not exist. Valency is a numerical ratio which has been 
empirically found, i.s independent of units, and expre.sses the ratio 
in which atoms combine with one another. It does not depend 
upon one atom alone, but rather upon the nature of all the atoms 
pre.sont in a particular molecule. The amount of affinity saturated 
by the linking up of two atoms is distributed on a definite circular 
segment on the surface of the atom (binding zone), and varies 
within wide limits with the nature of these atoms. 

Wo have in these assumptions a satisfactory picture of the 
varying valency ratios of an elementary atom, which leads, without 
any further assumptions, to the spacial configuration of the molecule, 
the shape of which depends only on the size of the binding zone. 
I have already shown in another place ^ that it is possible with 

‘ Wernor, " BeitrUge zur Theorio der Affinitiit und Valenz,” Viertel- 
jahrsachr. d, ZilricJier naturforsch. Qesellsch. {1891). 

* Loc. cit, and in my Lehrbuch der StereocliemiCy Jena, 1904. 
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such an hypothesis to explain in a simple manner the phenomenon 
of racemization, the transposition of geometrical isomers, and the 
stability of ring compounds. Bloch’ has shown how closely the 
inferences we have made from our hypotheses agree with the 
observations made in the most varied branches of organic chemistry. 

B. Systematic Division. 

I. Compounds of the First Order. 

1. Introduction. 

A chemical molecule in its simplest form, excepting elementary 
molecules, is produced when two different atoms unite. Compounds 
of this simple description we call “ binary compounds ” or com- 
pounds of the first order. Examples of this class are : ISTaCl, KF, 
CaO, ZnS. 

In order to avoid any misapprehension, it may be mentioned 
that only compounds of the above type come within the defini- 
tion. All combinations of these compounds with water, ammonia, 
etc., are not compounds of the first order, but of higher order, and 
lie outside the present discussion. 

2. Nomenclature. 

By common agreement compounds of the first order have the 
termination ide at the end of the negative element, e.g. sodium 
chloride, zinc sulphide, etc. The general use of this nomenclature 
would be so great a boon to inorganic chemistry that great care 
ought to be exercised to prevent the adoption of such terms as 
hydride, carbide, etc., which can only be harmful to the clearness of 
the system. And it is greatly to be desired that the nomenclature 
should be further developed. This could be done by placing before 
the name of a negative element the number of times the latter is 
contained in the molecule, CuCl, copper monochloride; FeCJj, 
iron dichloride ; FeCb, iron trichloride ; PtCl 4 , platinum tetra- 
chloride ; FeO, ironmonoxide, etc. Such an addition to the names 
would be of great advantage to the memory, for when using such 
names as ferrochloride, cuprochloride, ferrichloride, platinichloride, 
etc., we have to remember not only the names but also the valencies 
of the metal in compound. 

* E. Bloch, A. Werner’s Theorie des Kohlenstoff atoms, Wien u. Leipzig, 
1903. 
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It would be even more simple if all those compounds of the 
same valency had their names ending in the same letter or sutlix, 
thus : — 


MeX a-Compound (monovalent) 

MeXj 0 - „ (divalent) 

MeXj i- „ (trivalent) 

MeX^ 0 - „ (tetravalont) 

MeXj an- „ (pentavalent) 

MeXj on- „ (hexavalent) 

MeX, in- „ (heptavalent) 

MeXg eu- „ (octavalent) 


This suggested nomenclature I communicated to Brauner 
several years ago, and he has called attention to it in a paper 
of his.^ 

In the mean time it has been used by different authors,^ and it 
is to be hoped that it will find increasing use. 

The suffixes have been chosen with a view to making them as 
little different as possible from those already in existence. The use 
of this nomenclature will only cause confusion in mercury and 
copper salts. The monovalent compounds, which at present are 
termed mercuro- and cupro-salts, would become mercura- and cupra- 
salts ; while mercuri- and cupri-salts would become mercuro- and 
cupro-.salbs. This is, of course, a disadvantage, but it is trifling 
when compared to the great benefits to be obtained from the use of 
this nomenclature. 

However, in order to completely exclude any possibility of 
confusion, I suggest that “n” bo written after divalent copper 
and mercury compounds, to signify that it is the “ new nomen- 
clature” tliat is being used, e.g. HgCL, mercurochloride (n) ; 
CuBi\, cuprobromide (n). 

To illustrate the use of the suggested nomenclature the different 
salts of vanadium and molybdenum are given ; 


VXj Vanad-o-salts. 

VXj Vanad-i-aalts. 

VX^ Vanad-o- 8 alt 8 . 

VX, ... Vauad-au-salts. 


MoXj Molybd-o-salts. 


M 0 X 3 Molybd-i-salts. 

MoX^ Molybd-c-salts. 

MoXj Jlolybd-an-salts. 

MoXfl Molybd-on-salts. 


* Zcilsch. amyg. Chem., 32, 10 (1902). 

* Groth, Einleitung m die cJievtische Kristallogra 2 )hie (1904) ; Gomoliu- 
Krauta Ilandb. d. aiiorg. Cheni., 7th edition (1908) ; Cohaltates, by P, 
Pfoiffer. 
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When the names of the compounds are long it is advantageous 

to accent the suffix which expresses the valency, e.g. magnesium-6- 
salts, etc. 


8 . Systematica. 


The systetnatics of inorganic chemistry finds its expression in 
the nomenclature developed above, because the nature of the 
negative element is the more important part of the molecule. 
Compounds of the first order may consequently be classed under 
such groups as the following ; Fluorides, chlorides, oxides, senenides, 
phosphides, antimouides, carbides, borides, etc. 

Certain compounds of the first order can, if composed of the 
same elementaiy atoms, possess a complex constitution, thus car- 
bides of hydrogen : 


the superoxides : 



OH3 

CH3 

1 

OHo 

OH, 

1 


CH, 


M 

1 

i 

c 

Ba< 1 

J 


H — 0 


and other compounds such as cyanogen : 

C=N 

I etc. 

C=N 

The complicated constitution of such compounds makes a 
uniform nomenclature more difficult, but, since the character of 
the compound is unaffected by the linkings between two atomic 
groups of the same description,^ it leaves their position in the 
system unaffected. 

Therefore it is advisable to designate the compounds H3C — CHy 

* To be sure, if it were desired to be absolutely logical, H 3 C — CH 3 could be 
considered as a mixed carbide of carbon and hydrogen, and the compound 
/O 

Ba< I as an oxide of barium and oxygen, etc. This would be of no advantage 

\o 

to the systematics, but is rather detrimental to its lucidity. 
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and H3C— CH2— OH3 as hydrogen carbides, 


HO 
I as 

HO 


oxide of 


C=N 

as nitrite of carbon, etc. Compounds of this 

— N 

description can be considered as being derived from those of the 
first order. Further, those compounds whose molecular constitu- 
tion is the same as the binary compounds, can be included in the 
compounds of the first order, although they consist of more than 
two elements, as, for example : 



Br. /Cl 

\c< o=c=s 

Br/ \C1 

Carbon Carbon 

dibromdichlorido oxysulpbido 


Na— 0— H 

Hydrogen 

sodiumoxide 



Sodium 

dihydrogcnnitridc 


As a matter of fact, such compounds form a sort of transition 
stage between those of the first and those of the higher order. 

A systematic consideration of the individual groups of the first 
order would take up too much space. We must therefore be 
satisfied by briefly indicating those groups, the examination of 
which, within recent years, has so greatly extended our knowledge 
on the combining possibilities of the elements. 

The hydrides deserve first mention. They are binary com- 
pounds in which hydrogen is the negative element, which, on the 
whole, plays the same role as the halogens in halides. It is to 
Moissan that wo chiefly owe our thanks for our knowledge of this 
group. 

A great increase in our knowledge of the combining possibilities 
of the elements has been made through the study of the fluorides, 
to which class of compounds 0. Rufif has lately so successfully given 
his attention. The following types serve to illustrate the class : 
IF5, SF„ SeF«, TeF«, NF,. WOF„ MoF„ MoOF„ MoO^F^, etc. 

Other binary compounds, the study of which has added to our 
knowledge of the combining possibilities of the elements and in 
part has completely altered our ideas, are the carbides, silicides, 
and borides. 

Valuable results have also been obtained from the study of 
alloys. Taramann and his pupils, through thermal analysis, 
Kurnakow and many other experimenters have so enriched our 
knowledge of the chemical properties of metallic alloys, that for 
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the fitsb time it seems possible to obtain an idea of how metals 
combine with one another. Tammann,^ for example, has pointed 
out that those metallic elements which succeed one another in the 
periodic system are usually unable to combine with one another. 
This is true, for example, in the following groups : Cu, Ag, Au ; 
Zn, Cd, Hg j Ge, Sn, Pb ; As, Sb, Bi. Cobalt forms a compound 
with neither nickel nor iron ; on the other hand, nickel forms the 
compound Ni.^Fe. He has shown, further, that in many cases either 
all thiee of the homologous metals potassium, rubidium, and CJEsium 

foi m compounds with another definite element, or not one of them 
does so. 


II. Compounds of Higher Order 

1. Halogeno Salts and Analogous Compounds. 

Compounds of higher order, which are produced by the union 
of simple halides, are usually called double halides, and since most 
simple halides have the character of salts (halide salts) they are 
mostly called double salts. It is more suitable to use the term 
“ halogeno salts ” in oi’der to bring out their analogy to the oxygen 
salts. In number and importance the halogeno salts are quite 
equal to the oxygen salts ; indeed, in some elements, e.g. the noble 
metals, they play a more important part than the oxygen com- 
pounds. 


(a) Properties of the Halogeno Salts. 

Just as acid and basic forming oxides are chemically opposed 
to one another, and through their union form oxygen salts, so 
fluorides, chlorides, etc., exhibit towards different elements a 
difference in their chemical character which, if not the cause of 
their forming complex compounds, at any rate greatly increases it. 

Some examples will illustrate the type of compound under 
discussion : 

F 3 B 4- FK = BF,R 

Cl,Pt -f 2C1R = PtCleRs 
Br^Sb + 3BrR = SbR^R, 

Iglr + SIR = 

In all these cases we can show that a halide of an electropositive 
radicle combines with a halide of a less positive element (heavy 

* Zeitsch. anorg. Chein., 49, 113. 
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raetal or metaloid). If we call the former compound, which plays 
in this case the same role as the basic oxide, a basic halide, the 
latter may be called an acid halide. 

In the halogeno salts the central atoms of the acid-forming 
halides combine with the halogens of the basic halides to form 
complex radicles, which can appear as complex acid ions on electro- 
lytic dissociation. In the above examples the following groups 
exercise this function : 

(RF,), (PtC]«), (SbBr,), (Irl,) 

A further analogy between oxygen and halogeno salts is to be 
found in their behaviour towards water. While, as is well known, 
neutral salts in aqueous solution are electrolytically dissociated, and 
basic salts are hydrolytically dissociated : 

Na 

+ H,0 = CO3H2 4- NaOH 

Exactly analogous phenomena are to be observed in halogeno 
salts. Some — e.g. the alkali chloroplateates — dissociate in aqueous 
solutions into ions : 

[FtClo]R, [PtCl,]"and 2R+ 

while others are decomposed by water, the basic chloride being re- 
placed by water, e.g. : 

n 

[CUCI3] K + H,0 = Cu^oH^) + KCl 

Other properties in which halogen salts closely resemble oxygen 
salts will be made clear in the following paragraphs. 

(b) Nomenclature of the Halogeno Salts. 

Iho nomenclature of the oxygen salts is well worked out, since 
the oxygen salts have themselves been thoroughly examined, but 
this is not true of the nomenclature of the halogeno salts, and their 
analogous compounds. I believe a satisfactory nomenclature can 
be obtained upon the following basis : 

1. In order to differentiate between the double and the simple 
halides it is advisable to use at the end of their names the suffix 
“ ate, a term already in use in the oxides. 

Z. Iho valency of the central acid radicle is to be expressed in 

exactly the same way as was used with compounds of the first 
order. 
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3. The name of the acid residues bound to the central atom will 
be placed before the name of this atom. 

The following names illustrate the practical application of 
these rules : 


1. (Agcycs^ . 

2. (ZnCl,)(NH,),2 

3. (FeCy,)Na,3 . 

4. (MnF,)K," , 

5. (SbCl,)Cs5 . 


6. U 


0.1 

Br,_ 


K, 


Caesium-Trichloroargentaate. 

Ammonium-Pentachlorozinciate. 

Sodium-Hexacyanoferriate. 

Potassium-Hexafluoromanganoate. 

Csesium-Hexachlorostibanate. 

Potassium-Dioxotetrabromouranonate. 


* Wells, Sill., (3) 44, 221, 311 (1892). 

2 Marignac, Ann. Min., (5) 12, 1 (1867) ; Jahresbcr., 1857, 218. 

^ Bette, Anjialen, 23, 124 (1837). 

^ Weinland and Lauenstein, Zeitsck. anorg. Chcm., 20, 40 (1899). 

5 Wells and Metzger, Ayjier. J. Sci., (4) 11, 451 ; Chem. Centr., 2, 166 
(1901). 

® Sendtner, Verbdg. d. Urans. Ela^igan, 1877. 


(c) Constitution of Halogeno Salts. 

Following the example of Blomstrand ^ constitutional formulae 
of the following description were originally proposed for the double 
halides : 


^‘B.F.FR 


Cl . p. Cl . CIR 
Cl . Cl . CIR 


and for those compounds in which the sum of the halogen atoms in 
the basic halides is greater than that in the acidic halides, Remsen,^ 
suggested the following constitutions : 



All these formulae are only of historical interest nowadays, for 
it will be remembered that, taking chloroplatinic acid as illustration, 
it was shown in the general part of this book that in all these double 
halides the halogen atoms of the basic halide are bound to the 

* Die Chemi der Jetzizeit, p. 383. Heidelberg, 1869, 

* ATuer. Ghent. J., 11, 291 (1899) ; ibid., 14, 81 (1892). 
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central atom, which acts as an acid anhydride. The compounds 
cited above must therefore have their constitution expressed by the 
formulae : 



It follows, consequently, that the halogen atoms act as connect- 
ing links between two elementary atoms, and therefore in pure 
structural relations are to be considered as divalent. 

The new constitutional formulae differ from those which were 
earlier proposed, chiefly in the fact that in them not double halogen 
atoms but single atoms play the same part as an atom of oxygen 
in oxygen salts. 

The constitutional analogy between halogen salts and oxygen 
salts may be expressed by writing their formulae analogously, as in 
the chloroauriates and sulphates : 


Ci 0 

ClAuCIR and OSOR. 
Cl 0 


The great advantage of these formulae rests in the fact that they 
bring out this analogy much more clearly than was possible by the 
old doctrine of valency. 

With reference to the problem of the constitution of halogeno 
salts two points remain to be decided : (a) the establishment of 
their molecular weight and that of the halide which acts as acid 
anhydride ; and (/>) the determination of the functions or of the 
position of the water in a hydrated halogeno salt, for in both these 
directions the experimental material is very deficient. 


(d) Ort iU Forms of the Halo<j^io Salts derived from the same 

Halogeno Acid Anhydride. 

As is well known, different hydrates (acids) and salts may be 
derived from the same acidic anhydride of an oxide. Thus phos- 
phorus pentoxido gives rise through the absorption of one two or 
throe molecules of water to three different acids (or salts, depending 
upon experimental conditions). The halogeno salts exhibit a similar 
behaviour, the fluorides loss so than the others. Cadmium chloride 
can take up one, two, or four, zinc chloride one, two, or three, and 
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platinum chloride one or Wo molecules of alkali chloride. The 
other halides, which likewise act as acidic anhydrides, behave in an 
exactly analogous way. Thus from the same halogeno acidic 
anhydride different halogeno acids or salts may be obtained ; their 
behaviour is therefore in complete agreement with that of the 
oxygen compounds. It is further worthy of note that the halides of 
the most positive metals, i.e. rubidium and c£esium, give rise to 
the salts of the highest form ; this is again completely analogous to 
what is observed in the formation of oxygen salts. If we examine 
the stoichiometrical proportions in which the halides combine to 
form halogeno salts, it is seen that, with very few exceptions which 
will occupy our attention later, the upper limit is reached when six 
halogen atoms have taken part in the formation of a complete 
radicle. This is clearly seen from the composition of the salts of 
the divalent elements : cadmium and lead * of the trivalent 
elements : thallium, chromium, iron, iridium, osmium, rhodium, and 
almost all the tetravalent elements. 

So that also in these cases the number six appears to be a 
stoichiometrical limiting number, which controls the formation of 
compounds of higher order. 


(e) On the Polymeric Condition of Binary Halides. 

It is well known that many halides are not monomolecular but 
polymolecular. Thus, iron chloride in the form of vapour corre- 
sponds to the formula (FeCl3)2, and under like conditions molybdo- 
chloride is trimolar ( MoCl2)3, 

In some cases the addition products formed by the halides are 
likewise polymeric, from which it is to be concluded that the halides 
themselves are polymeric. This is true, for example, of the product 
formed by the addition of a molecule of PCI3 to PtCb, which is 
known to have the formula (PtCL . PCl^)^,* and we conclude that 
platinous chloride is bimolecular. 

In aqueous solution cadmium, zinc, and mercury halides are 
partly polymerized, and in organic solvents the same is true of 
copper and silver halides. Moreover, different halides of the alkali 
metals show a tendency to polymerization in ethyl alcohol, normal 
propyl alcohol and amyl alcohol, and in acetic acid they have a 
doubled molar weight. 

* Rosenheim and Lowenstamm, Zeitsch. anorg. Chem.^ 37, 394 (1904), 
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Hydrochloric acid itself is bimolar in formic acid. Very many 
halides exhibit complex molecules in sulphur dioxide solutions.* 
These facts lead to the conclusion that halides, in general, 
possess the property of polymerization, and the question is, How is 
the formation of polymeric molecules to be portrayed ? The 
following considerations yield a satisfactory explanation. 

With some elements it is possible to show that their binary 
halides of different valency have the property to combine with one 
another, thus forming halogeno salts. Cases of this description 
have been satisfactorily investigated for salts of iron and thallium. 


TlClj.STlCV TlBi-g.TlBr,^ 

[Tl(ClBr)o]TV TlBr,.3TlCV 

TII 3 , 5T1I,^ 

FeBr.. . 2 FeBr 3 . KBr + 3H>0,« 

FeCL, . 2 FeCl 3 -f I 8 H 0 O,’ 


TiBrj.STlBr,^' [Tl(ClBr),]Ti,^ 
Tl^|. . 3T1C1,^ TICI 3 . 3BrTl/ 

FeBr, . 2FeBr, , RbBr + 311,0/' 


FeF, . FeF, + 7H,0/ 



‘ Neumann, Aniialen, 244, 347 (1887). 

^ Wilm, Bull. Soc. Chim., (2) 2, 89 (1804). 

^ Meyer, Zeitsch. anorg. Cftm., 24, 353(1900). 

* Cuflbman, Amer. Cheyn. J., 24, 222 (1900). 

“ Knosol, Ber., 7, 576, 893 (1874) ; Jorgensen, J.pr. Chem., (2) 6, 83 (1872). 
“ Walden, Zeitsch. anorg. Chem., 7, 337 (1894). 

^ Lofort, J. Pharniac., (4) 10 , 85 ; J., 1869, 267. 

” Wciland and Koppen, Zeitsch. anorg, Chem.y 22, 266 (1899). 

“ Doussen, Monat. Chem., 28, 163 (1907). 


The composition and character of these compounds distinctly 

show that they are produced in exactly the same way as other 

halogeno salts; thus, for example, TIBr, + 3BrTl according to the 
formula : 

Br . . BrTl 

Br . T1 . BrTl 
Br . . BrTl 

But if halides of the same element but of dilTerent valency can 
unite together to form halogeno salts, it is quite to be expected 
that molecules of the same halide should combine together, as, for 
example, iron chloride, according to the formula ; 

> For compilation of the literature see Walden and Centnorezwer, Zeitsch 
physxkal Chem., 89 , 587 (1902). tii6cn. 
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Cl .Cl 
ClFe.CIFe 

Cl .Cl 


and thus bituolar ferric chloride is to be considered as the ferric 
salt of hexachloro-ferric acid. The polymerization of halides is 
consequently due to the formation of halogeno salts from the same 
kind of molecules, and the polymeric halides can therefore be called 
“ auto-halogeno salts.” 

This theory renders it possible to lay aside the numerous 
hypotheses which have been proposed to explain the polymerization 
of halides, all of which assume linkings either between the metallic 
atoms or the halogen atoms, and they are moreover so different 
from one another that a reconciliation is impossible. Yet it should 
be noted that the question of the polymerization of the halides has 
only been !;olved as far as the principle is concerned ; it is at present 
impossible to say anything further as to the exact constitution of 
polymeric halides. For there still remains several possibilities for 
the combination of tlie different halide molecules ; thus, in the case 
of trivalent elements the following formula are possible : 


Cl 

Cl 



MeCl . MeCl, 

Cl 



PI PI 

Me Cl . Me Cl 
Cl. Cl 


which of these constitutional formulm in each individual case is 
the more probable cannot at present be decided. 


(f) On Polynuclear Halogeno Salts. 

Polymeric halides can act as anhydrides of halogeno salts, and 
certain elements have an exceptionally great tendency to form 
halogeno salts with polymeric halides ; thus mercury chloride 
yields compounds of the following types : HgaClsR, Hg^ClgRgj 
HgaCliiR, etc. 

Very interesting is the behaviour of the trimolar molybdo 
chloride (MoCy^; Blomstrand gave this compound the name 
chloromolybdane chloride. Of its six chlorine atoms, on treatment 
with alkali two are replaced by hydroxyl, and it therefore appears 
probable that the four less reactive chlorine atoms are integral 
parts of the molecular complex, while the two reactive ones have 
no part in its formation. Chloromolybdane chloride can act as the 
anhydride of a chloro acid, for it is able to combine with two 
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molecules of alkali-chloride, thus forming a salt with the formula 

(Mo^cyR^. 

From the bimolar trihalides (SbXs)^, (BiXg).,, (AsX;()2, the 
following types of salts may be prepared: (RX3)2.XMe and 
(RX3)2 . 3XMe. At first sight it would appear as if the inter- 
mediate salt (RX3)2.2XMe did not exist; but this is incorrect, 
for it is usually formulated RX^. XMe. 

Many examples of this type of compound are known, e.Q , : 

(SbCyRb, (SbCyH . Chin, (BiCy[Sb(C2H5),], (BiClJRb -f H.O, 
(BiCl,)NH„ 

(BiBr,)NH, + H2O, (Asr,)[As(C2H3)J, (SbI,)K . 

(BilJK, (BiI,)NH, -h HA 

If we double the formulae of these compounds, we obtain the 
following normal series : 

(RX ,), . XMe, (RX ,% , 2XMe, (RX,)^ . 3XMe 

Such considerations show how important it is to find methods 
for the determination of the molar weight of the halogeno salts. 
Then, and then only, will it be possible to obtain a satisfactory 
constitution for such salts. 

(g) Polyhalides. 

The alkalis and alkaline earths, as well as a few other elements 
and complex radicles with properties similar to ammonia, form 
polyhalides, i.e. compounds the positive radicle of which consists 
of several halogen atoms. The following list will give some idea of 
this class of compounds : 


1. Trihalides.^ 

K(IC1,), K(IRr,), KI„ Rb(BrCI,), Rb(Br/Jl), RbBr„ Rb(ICl,), 
Rb(IBrCl), Rb(IBr„), RI„ Cs(BrCl,), Cs]5r,, Cs(ICl,.), 
08(IBrCl), Ca(IBr,), Cs(I,Br), Csl„ (NHOI^, (1’C1,)(IC1,), 
(BBr,) . Br3, 

Znl , Hg(l3)3. 

*3 

* WoUfl and Wheeler, Atner. J. Sci., (3) 43, 475 (1892); Wells, 
aiiorg. Cfiem., 1, 85 (1892). 
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2 . Feutahalides.^ 

Li( ICl,) + 4PL0, Na(ICl,), K(IC1,), Kb(ICl,), Cs(ICl,), Ca(ICy, 
+ 8H,0, Sr(ICl,), + 8 H 2 O, 

Mg(IC],), + 8 HA Be(ICl,),+ 8H.,0, Zn(IClj) 2 + 8 HA MnCICl^X 
+ 8 HA Co(ICl,), + 8H,0, Ni(ICl,)., + 8H.,0, 

( ’sB,„ Csl,. 

Beyond these there still exist a great many polyhalide salts of 
organic compounds. Those of the diazonium group are particularly 
worthy of notice, some examples are : ^ 

(ArN,)(BrCl,), (ArX,)(Br,Cl). (ArN,)(Br,), fArXOCICl,), (ArN^) 
(IBrC'l);, (.ArNOCLCl), (ArN,)(IBr 2 ), (ArX.OCIaBr), (ArNs)^. 


The polyiodide group of organic ammonium compounds is par- 
ticularly interesting, it being particularly rich in pentaiodides, 
while in inorganic chemistry there is only one pentiodide, i.e. 
ciesium pentaiodide. Hepa- and uona-iodides of organic ammonium 
bases are known, while inorganic analogues are not known. 
Examples of hepta- and nona-iodides are : ^ 


[N(CA,)(aA),]I„ [N(CA.)JIt, [N(aH,)(CH3),]I„ 

[NCCA,).(aH,)(CA)]lT, 

[N(CH,),]I„ [N(aH.)(CH 3 )JI,. 


Beyond tri-, penta-, hepta- and nona-iodides, others are described 
in the literature,"* i.e. sexqui-, di-, tetra-, and hena-iodides. These 
compounds are either the addition products of simple iodides or the 
result of the combination of two periodides, or the result of several 
molecules of a halide adding on to a halogen, thus : 2RI -|- I 2 , etc. 

Several constitutional formulae for such polyhalides have been 
proposed. In particular, those which group the halogens around 
the positive atom have met with most favour. This supposition is, 
however, quite untenable, for the polyhalides have (externally) 
the character of addition compounds, and all their physical and 


> Filhol, Berzelius Jahresber.,20 (2), 110 (1845) ; Wells and Wheeler, Amer. 
J. Sci., (3) 44, 42 (1892) ; Weinland and Schlegelmilch, Zeitsch. anorg. Chem., 
30, 134 (1902). 

2 Hantzsch, Ber,, 28, 2754 (1895). 

Geuther, Annalen, 240, 72 (1887). 

‘ Jorgensen has described different periodides of alkaloides and metal 
ammonium compounds. {Om den saakaldte JSerapathit og lignende Acid- 
perjodider Vidensh. Selsk. Skr. 5 te Raekke, nattirvidenskabelig og mathe- 
matisk Afd. 12 te Bd. I.) 
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chemical behaviour is contrary to the assumption that they are 
linked to the positive radicle. On this account it is nowadays 
widely accepted that in the polyhalides we have examples of 
molecular compounds, an opinion first expressed by Geuther,^ and 
thoroughly worked by him in connection with his work on poly- 
iodides. Walls and Wheeler reject this explanation when it is 
applied to triiodides.^ 

The characteristics of this class of compound are most distinct 
in compounds with the general formula : R(ICl4), the first repre- 
sentatives of which (the potassium, ammonium, and magnesium 
salts) were described by Filhol.^ From these compounds iodine 
trichloride can be extracted with carbon tetrachloride,'^ which 
proves that they are the addition-products of RCl and IClj. And 
since iodine trichloride has the formula : 



it follows that these addition compounds are simply tetrachlorio- 
dates, and correspond in constitution to chloroauriates : 


r Cl 1 


r 1 

ClICl 

R and 

ClAuCl 

Cl 


L Cl J 


According to this conception cjesium pentabromide and ccesium 
pentaiodido will have constitutions corresponding to the tetra- 
chloriodates, thus : 


■ I ’ 


’ Cl ■ 

III 

and 

circi 

I 


Cl 


Trihalogens are to be considered as addition compounds formed 
by the addition of metallic halides and halogenmonohalide, thus, 
compounds with the general formula RICL become R(CIICI), and 
therefore are called dichloriodates. 

With reference to the constitution of all possible combinations 
of the polyhalogen radicle X^, it is to be assumed that in them 
the most positive halogen atom acts as the central atom, and the 


' Annalcn, 240, 82 (1887). 

* Zeilsch. anorg, Chem., 1, 85 and 442 (1892). 

• Berzelius Jahrcsber.^ 20 (2), 110 (1845). 

« Weinland and Schlegelmilch, Zcitsch. anorg. Chern,, 30, 186 (1902). 
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non-existence of trichlorides is to be attributed to chlorine being 
unable to act as a central atom. 

While the complex acid radicle of polybromides contains as a 
maximum only live bromine atoms, complex acid radicles in the 
case of iodine containing seven and nine atoms are known. The 
constitution of sucli radicles is, perhaps, to be explained on the 
assumption that either one or both of the free co-ordination positions 
of tlie central iodine in 

r I 1 

I. i . I 

L I J 

are occupied by iodine molecules. 


(h) Mixed Types of Halogeno Salts. 

Up to the present we have only considered compounds prepared 
from the same halogens. But it is possible for difierent halides to 
combine together to form halides of the higher order, thus bromides 
with chlorides, iodides with bromides, etc. Such halogeno salts are 
known as mixed salts. The following series of compounds illustrate 
the class : — 



* Cushmann, Amer. CJiem. J., 24, 222 (1902). 

^ Thomas, Compt. re^id., 132, 80 (1901). 

3 Jahoda, M., 7, 506 (1886). 

■* Harth, Zeitsch. aiiorg. CJiem., 14, 343 (1897). 

^ MacCrae, Ber.y 28, 98 (1895). 

® Markownikoff, J. Buss, Phys. Ghem. Soc.y 30, 151 (1898). 
■ Hermann, Ber., 22, 3076 (1889). 

® Miolati, Zeitsch. anorg. Chem.y 14, 237 (1897). 

» WeUs, ibid., 2, 416 (1892), 

Raymann and Preis, Jahrg., 1884, p. 436. 
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[pb^y(NH,% + 4H,0^ [pbg^jNH/ 

Cl 


Hyoscine^ Hyoscyanatnine 

Atropine® j^Aug^^jH. Aminocykloh 


exane 


L J b. J 

[sb^^;]K + H,0^ [sb^yK3^ [znJ?J(H. Papaverine),^ 
j^Cd^®J(H. Papaverine,)® 



q ( ^2^5)2 18 

^CH. 


]• hciJKnf’^]’ [HsisJC" 

" [Pbc\]NH, + 2H,0‘= 

[Pbjf J(NH,). [pb^^J(NH,). + 2H,0 '= 

[Pby NH, + 2H,0 “ [pb^V] NH, » 

[r(C,H,),]3 “ [Bi, [Sb(C,H,),], >’ 

[BiJ^''^](NH,), + 2iH,0 [BL,j^'’“][Sb(C,H,X]3 '» 


10 


* Ponzes-Diacou, Bull. Soc. Chim., (3) 17, 346 (1897). 

2 Jowett, Trans., 71, 679 (1897). 

“ Markowuikoff, J. Russ. Phys. Ckem. Soc., 30, 151 (1898). 

* Atkinson, Chem. News, 47, 175 (1883). 

* Jahoda, M., 7, 515 (1886). 

® Wells, Zeiisch. anorg. Oiein., 2, 418 ; Ponfiold, ibid,, 1892, p. 423. 

^ Lea, Sill. J., (3) 7, 34 ; Orme, Cliem. Neios, 30, 205 (1874). 

* Patoin, Bull. Soc. Chim., (3) 2, 164; Smiles, Proc. Chem. Soc., 16, 240. 
® Patoin, loc. cit. 

*® Wells, Zeiisch. anorg. Chem., 2, 418; Ponfield, ibid., 1892, p. 425. 

“ Wells, loc. cit. ; Penfield, ibid., p. 423. 

Wells, ibid. ; Penfield, ibid., p. 420. 

” Ponzes-Diacon, Bull. Soc. Chim., 17, 346 (1897). 

" Volkol, Behrens, Pogg. Ann., 62, 162 (1844). 

“ Poggialo, Co7npt. rend., 20, 1180 (1845). 

“ Jorgenson, J. pr. Chem., (2) 3, 345 (1871). 

Beilatoin, Edition III., 1, 1515. 

*“ Linau, Pogg. Aim,, 111, 240 ; Wurtz, Diet., 1, GOB. 

Jorgenson, J. pr. Chem., (2) 3, 343 (1871). 


It is interesting to note that halides and polyhalides can com- 
bine together to form complex salts. To this class belong the 
following peculiar compounds described by Wells.* 


* Zeiisch. anorg. Chem., 4 , 346 (1893). 
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2PbL.3KI-I 


4H,0, 2PbBr,.3KBr.Br. + 4HA and 
K,[Pb,(BrI)J + 4H,0 


(i) On the Haloijeno Acids. 

(a) The Halogeno Acids of the Metals. 

The halogeno acids from which the halogeno salts are derived 
have been little examined up to the present, and it is very desirable 
that this class of compounds should be thoroughly worked out. But 
it must be pointed out that these compounds are very difficult to 
deal with, because most of them are very unstable, and it is 
consequently difficult to prepare them in the pure state. Engle’s 
exact and painstaking work on the chloro acids is the best that has 
as yet been done ; and yet there are many gaps even amongst these 
acids which ought to be filled. The following is a list of all the 
halogeno acids that the author could find in the literature: — 


(a) CiiLouo Acids. 

(ZnCL),HCl + 2HA' ^nCL . HCI + 2H,0,2 CuCL, HCl + 3H,0,' 
CuCl, . 2HC1 + 5HA^ CdClo . 2HCI + 7H,6,^ SnCl, . HCl 
+ 3H,0,6 HgCl, . 2HC1 + (HgCy.HCl -f UH^O,' 

(HgCL)ACl + (HgCl,),HCl + 4H,0^ (HgCh),HCl 

+ 5H,0,^ (HgCl,),HCl + XH.>0,‘ (SbCI,).HCl + 2H20,« 
(BiCI,),HCl + 3H,0,9 FeCl, . HCl + 2H,0,^^ AuCl, . HCl 
+ TlCl, . HCl, ^2 ptob . 2HC1 + SuCl, . 

2HC1 -f- 6HA'^ SbClg . 5HC1 + IIHA^" 

' Engel, Compt. rend., 102, 1069 (1886). 

2 Engel, ibid., 1886, p. 1070. 

3 Engel, ibid., 106, 273 (1888). 

^ Sabatier, ibid., 1888, p. 1724 ; Engel, ibid., 107, 178 (1888). 

Berthelot, ibid., 91, 1024 (1880). 

« Engel, ibid., 106, 1399 (1888). 

' Ditto, A7in. Chwi. anal., (5) 22, 551 (1881). 

* Engel, Coinpt. rend., 106, 1798 (1888). 

® Engel, ibid., 1888, p. 1799. 

10 Engel, ibid., 104, 1709 (1887). 

“ Thomsen, Ber., 10, 1633 (1877). 

Thomas, Compt. rend., 134, 545 (1902). 

Weber, Fogg. Ann., 131, 441 (1867). 

1^ Engel, Compt. rend., 103, 213 (1886). 

13 Engel, ibid., 106, 1799 (1888). 
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( h ) Bromo Acids. 

CuBr., . HBr + 2H,0,* 3CuBr, . 2H Br + eH^O,' HgBr„ . HBr 
+ 4H20,-^ IrBrj . 3HBr + 3H,0,“ AuBr^ . HBr + 

PfcBr^ . 2HBr + 9H„0,‘ SnBr^ . 2HBr + SH^O," TeBr 4 . HBr 
+ 5 H 2 O. TlBr, . HBr; 

(c) loDO Acids. 

Agl + HI,« Hgig . HI,® SnI, . PbL .HU- Bila . 

HI . Ptl^ . 2HI + 9 H 2 O,*® Tel, . HI + 8H,0.'^ 

( d ) Mixed Types op Halogeno Acids. 

TlCl^Br . HCl,*'* TlClBr^ . HC1,‘= TlCL.Br . HBr,'= TlClBr, . HBr.*^ 

* Sabatier, iiid., 118, 12G0. 

2 J. pr. Ghem., (2) 11, 283 (1875). 

’ Birubaum, Bromverbindungen des Iridiums^ Dissertation ^ Gottingen, 
1864. 

' Thomsen, J. pr. Chem., (2) 13, 337 (1876). 

" Halborstadt, Ber., 17, 2962 (1884). 

« Seubert, ibid., 20, 794 (1887). 

^ Thomas, Coinpt rend., 134, 545 (1902). 

• Borthelot, ibid., 91, 1024 (1880). 

“ Noumenn, Wien. Monatsh., 10, 240 (1890). 

Young, J. Ajner. Ctiem. Soc., 19, 851 (1897). 

" Borthelot, Conipt. rend., 91, 1024 (1880). 

Arppo, Pogg. Ann., 64, 237 (1845). 

Topsoe, N. Arch.phys. nat, 38, 207 ; Cliem. Centr., 1870, p. 683. 

“ Metznor, Compt. rend., 124, 1448 (1897). 

“ Thomas, ibid., 134, 545 (1902). 

The examination of this list of halogeno acids shows that 
almost all those acids which have been separated in the pure state 
contain water, and this is true even when the mother halide 
crystallizes from aqueous solution without any water of crystalliza- 
tion. Thus, SbCla does not combine with water, and yet the 
chloro acid has the composition 

Cl,Sb . CIH 4- 2H.,0 

In like manner bismuth chloride crystallizes anhydi'ous from 
aqueous solution, but the chloro acid corresponds to the formula 


(BiCl3),ClH -h 3H,0 
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Engel noticed these peculiarities, and he also pointed out that 
the addition of one molecule of hydrochloric acid always resulted in 
the addition of at least two molecules of water, so that in the cases 

where two halogeno acids were derived from the same halogeno 
acid anliydride ; 

(ZnCIo),ClH + 2H,0 ZnOL . 2C1H -j- 4H,0 
CuClo . CIH + 3H,0 CuCJ., . 2C1H + 5H,0 

at least two molecules of water were taken up for every one of 
hydrochloric acid. Hence, the formation of these chloro acids is 
not brought about by the addition of hydrochloric acid, but by the 
addition of the hydrate CIH + 2 H 2 O, which Pierre and PuchoL 
were the first to isolate in the free state. Since this hydrate has in 

OH, 

all probability the constitution CIH , it follows that the halo- 

OH., 

geno acids are to be considered as oxoniura compounds formed by 
the addition of a halogeno acid to water. The consideration of 
quite another class of phenomena leads to the same conclusion. 
The dihydrate of cupric chloride (CuClg + 2 H 2 O) is blue, but the 
chloro acids of coppei* containing three and fi.ye molecules of water 
have colours between granate red and hyacintli red, and this agrees 
with the colour of the monohydrate, CuCL + HoO. It is, therefore, 
certain that in the chloro acids of copper, not more than one mole- 
cule of water is bound to the copper, so that their constitutions are 
expressed by the formulae ; 

[cugj^^]H.(OH,), and [cugj^^][H(OH,X ]2 

()3) The Halogeno Acids of Hydrogen. 

The halogeno acids of the metals belong to the acid halide salts, 
and the question naturally arises as to what relation certain acid 
halide salts, in which the acid character is not strongly evident, 
e.g. a series of acid fluorides, are to those of the metals. Such acid 
fluorides are : k 

FK . HF, Co(NH 3 ) 6 F 3 . SHF, etc. 

The existence of these and similar compounds is doubtless 
related to the fact that hydrofluoric acid is not mono- but bimolar. 
In order to explain this bimolar condition of hydrofluoric acid, the 
constitutional formula HF = FH is much used, and it derives a 
certain amount of support from the analogous formation of double 
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fluorides. However, there can be no doubt that this formula is 
incorrect, for it is highly improbable that the two fluorine atoms 
are united together. This is to be seen in analogy which exists 
between the fluoro salts and the other halogeno salts, and in hydro- 
fluoric acid the hydrogen must play the chief part in the poly- 
merization of the molecule, for when alkyl is substituted for 
hydrogen the capacity for polymerization ceases, for the alkyl 
fluorides are monomolecular. This polymerization, therefore, can 
only be possible when hydrogen becomes the central atom of the 
halogen acidic anhydride. This being so it follows that the bimole- 
cular hydrofluoric acid has the following constitutional formula : 
H(F. H.F), and the acid fluorides are to be looked upon as salts 
of hydrodifluoric acid. 

Both the properties of hydrofluoric acid, i.e, the trifling electro- 
lytic dissociation, its weakness as an acid, etc., as well as the 
existence of acid fluorides, find a simple and satisfactory explanation 
in the formula. 

In passing it may be noted that the hydrochloric acid has also a 
slight capacity for polymerization, for it is bimolar in formic acid.^ 


(k) Double CyanideSj Double Thlocyanidesj etc. 

Hydrocyanic acid behaves in many cases, as is well known, as 
if it were a halogen acid, with tlie result that cyanides are com- 
parable to bromides, chlorides, etc. It is accordingly found that 
prussic acid and the cyanides form complex compounds which are 
comparable to those of the halogen acids and their salts. The 
combination of cyanides produces cyano salts which are remarkable 
for their great stability. Their composition and stoichiometrical 
behaviour are strikingly analogous to the halogeno salts. There is, 
therefore, no doubt that the formation of a cyano salt takes place 
in the same way as the halogeno salts. In order to give some idea 

of this class of compounds a few are appended, but the list is by no 
means exhausted : — 


[Zn(:y,]U, [ZaCy,]R„ [C'dCyJR,, [Tl('y.]R, [CrCyJR,, CrCyJR,, 

[MnCyJR., [Mu(Jy„]R„ [Fe(,'y„]R„ [KeCyJR,, [CoCyJR., [CoCiyJR,, 

[Ni('y.]l{,, [RuCyJR., [RhGyJK,, [Pd('y.]R,, [IrCyJR,, [I’tCyJR,,, 

[()«('y,aR„ [CuCyJR,, [CuCyJR, [Gu.CyJR, [AgC'y,]R, [AuCy.JR, 
[Mo(’y,]K^, etc. 


* Zanninovicb-Tossarin, Zeitsch. physikal CJicm., 19, 251 (1896). 
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This list shows that with the single exception of [MoCy 8 ]K 4 , 
the maximum number of cyanide radicles linked to the central atom 
is six — the same number which was found to be the maximum in 
the case of oxygen and halogeno salts. 

The double thiocyanide are so exactly similar to the cyano and 
halogeno salts that they need not be discussed. A valuable list of 
these compounds has been prepared by Grossman.* 


\ 

(1) Mixed Saits jjrepa^'cd from HalideSy Cyanides, and 

Thiocyanides. 

Just as different halides combine to form mixed halogeno 
salts, so in like manner is it possible for halides to combine with 
cyanides or thiocyanides, or cyanides with thiocyanides to form 
complex salts, the acid radicle of which contains different com- 
ponents. Such salts are therefore called mixed salts. Compounds 
of this class are exemplified by the following : 



^ Mathewson and Wells, Anier, Chem. J., 30, 432 (1903). 

2 Grossman, Ber., 37, 1258 (1905). 

3 Grossman, iUd., 85, 2665, 2945 (1903). 

■* Grossman, Zeitsch. anorg. Chem.., 37, 407 (1903). 

« Holst, Bull, Soc. Chim., (2) 22, 347 (1874). 

*■' Lindbom, ibid., (2) 29, 416 (1878). 

Blomstrand, J.pr. Chem., (2) 3, 213 (1871). 


2. Compounds of Higher Order with Oxides, Sulphides, etc. 

1. The Addition Compounds. 

(a) General Considerations. 

Those oxygen compounds which are formed by the combination 
of two or more oxides are called oxygen compounds of higher 

Zeitsch. dnorg. Chem., 37, 411 (1903). 


1 
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order. A certain class of these compounds, the oxygen salts, have 
had dualistic formulae given them, thus : 

O3S . OH., O3S . OCa, 0 ,Si . OK,, etc. 

These formulae had to give way to Unitarian formulae, because the 
idea of the individual existence of the component oxides in such 
compounds advocated by the formulae was shown to be untenable. 
We have no desire to revive the dualistic formulae in its original 
form, nevertheless dualistic formulae will be often used in what 
follows, because they offer a point of view from which the systematics 
of inorganic compounds {i.e. the production of compounds of higher 
order through the combination of those of the first order) can be 
clearly examined. Moreover, this method of treatment has the 
additional advantage of bringing out the relations between the 
double oxides and other classes of compounds. Finally, dualistic 
formulae correctly represent the constitution of the double oxides as 
molecular compounds. 

On reasons deduced from the theory of valency, as we have 

already pointed out, the dualistic conception of the double oxides 

underwent a peculiar change, which it w'as believed explained the 

cause of the combination of oxides and the manner in which this 

took place. But we have seen further that this explanation is 

incorrect, for the capacity of combining together to form compounds 

of higher order does not only belong to oxides but to all compounds 

of the fiist order. Ihe cause of this behaviour has been shown to 

bo due to the residual affinity of the elementary atoms in the binary 

compounds and to be brought about through the action of auxiliary 

valencies. In the special case of the formation of oxygen salts, the 

union is brought about by the activity of the auxiliary valencies on 

the central atom of the acidic oxide and those on the oxygen atom 
of basic oxide : 

0 

and , 

0 

Oxygon acids and salts are therefore primarily molecular com- 
pounds ; they differ from other molecular compounds in that they 
pass into onlmary valoncy compounds owing to the divalency of 
oxygen and the great mobility of the hydrogen or metallic atoms. 
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(b) Quantiiaiim Ratios in the Formation of Oxygen Acids and Salts, 

Having made clear the general lines upon which oxygen acids 
and salts are formed, let us turn our attention to the discussion of 
the rules governing the quantitative formation of these reactions. 

Firstly, an oxygen acid anhydride can combine with varying 
quantities of other oxides j for example, such an anhydride can 
combine with several molecules of water, thus producing acids, 
and the compound richest in water is called the ortho-form. Such 
ortho-forms are — 

00-2 -(- 2H2O, SiO._, -(- 2H2O, F2O5 SHgO, etc. 

The ortho-forms, as such, are often unstable, although their 
salts or esters can be prepared, and for their theoretical treatment 
the existence of hypothetical hydrates ai’e often assumed, although 
it has not been possilile to prepare either salts or esters to justify 
such assumptions : e.g. the hydrate of nitric acid, .N 2 O 3 -f- 5H.>0 

= 2N(0H),, 

The practice of making such unfounded suppositions must be 
vigorously opposed, for they are only too suited for misrepresenting 
the actual behaviour of the compounds in question. The existence 
of the hydrate N(OH)g appears to be quite impossible, because the 
co-ordination number of nitrogen is never greater than four. 

Those acids poorer in water are called the meta-forms, thus — 

COo + H.jO, SiO.^ + H 2 O, ^2^5 "i" HoO. 

In working out the law governing the quantitative formation of 
oxygen acids and salts it is of importance to learn the maximum 
number of oxide molecules which a second oxide can take up. 
With this object let us compare with one another the composition 
of those acids and salts which are richest in oxygen, using the 
following acids for this comparison : 

HCIO 4 , HMnO^, HRuO^; 

H.2SO,, H^SeO,, H^MnO,, H^CrO,, H^MoO^ ; 

H2WO4, HaRuOj, H.^OsO^, H2Fe04; 

H3PO4, H2ASO4, H3VO4, HgNbO^, H,Ta04; 

H 4 Si 04 

This comparison clearly shows that four is the maximum 
number of oxygen atoms which are linked to any central metallic 
atom. This limiting number agrees with the number of oxygen 
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atoms in the highest oxides RuOj and OsOj, and these oxides no 
longer have the capacity for the formation of double oxides. In a 
few cases acid radicles containing still more oxygen are to be 
observed. Periodic acid was earlier the only example of this 
description, it contains the complex radicle IOq ; as the composition 
of the following periodates make clear ; — 

i,(IO,), Fe,(IO,),, Ag,(IO,), Hg,(IO«), 

and Cu 5 (IOy), + 

The work of Burton and Hutchins (jun.) ^ had made it certain 
that in telluric acid we have another acid complex very rich in 
oxygen, i.e. TeO^. The following series oL salts have been 
prepared 

Ag,{TeO„], Hg;,[TeOJ, '^,[TeOJ and Cu,[TeO„] 

The so-called normal tellurates — 



Ag,TeO, -1- 2H,0, Rb.TeO, + 2H,0, Ca,TeO, + 2H,0, 
Na.TeO, + 2H,0, K,TeO, -f- 2H,A HgTeO, + 2H,0, 

muht ^erefore be considered as the acid salts of orthotelluric acid, 
(Te\^)H^--ffri5vinterestiag to note that both elements which form 
acids 'Vith the yadicle MO,i, occupy contiguous positions in the 
periodic sy 

Since feb^rmal tellurates are isomorphous with the osmiates,’^ e.(f, 
/leO^ -I- 2H.^O isomorphous with K.^OsOj -f 2H..0 

f 

7 probable that osniiates are the acid salts of orthoosmic acid, 
Potassium ruthenate has the formula K.RuO_, + H.O, 
and therefore is probably the acid salt of an acid II^RuO,,. Chromic 
acid has also the capacity of forming salts of the type R,(MOr,); two 
salts of this description have been prepared : 


NaXCrO,) + 13H,0^ and + 3H,0 ‘ 

We therefore have two limiting types of oxygen acids, the one 
containing four oxygen atoms in the acid radicle, and the other 
six. Both limiting radicles, MOj and MO,., correspond with the 

' J, Amer. Cheni. Soc., 27, 1157 (1905). 

* Ilotgors, Zeitsch. amrg. Ghem., 12, 98 (1896). 

^ Mylius and Funk, Wmenscfmft. Abh. der Phys.^Tech. Reichsanstalt, 3, 
m (1900) ; SchromomakorB, Zeitsch. physikal, CJmn., 66, 91 (1906). 

* Myliua and Wrochon, Der., 38, 3689 (1900). 
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principal types of the complex radicles of other groups of com- 
pounds of the higher order ; the one corresponds to the plane and 
the other to the spacial co-ordination number of the atoms. 


(c) On Polymeric Oxides, 

Our discussion up to the present has been limited to those 
double oxides which are formed by union of two different oxides. 
But the question arises, as to whether it is not possible for oxides 
of the same kind to combine together. We usually assume that 
the simple oxides are monomolar, but this is very seldom true. As 
a general rule the oxides are polymerized, and this polymerization 
has to be referred to the same causes as the combination between 
two dissimilar oxides. The formation of complexes from hetero- 
geneous oxides consequently will correspond to the formation of 
complexes from similar oxides, and we can term the latter process 
“ auto-complex formation.^' That many oxides are polymers may 
be deduced from different phenomena, thus, many oxides such as 
metallic oxides, etc., have a very high melting-point. Even in cases 
where the melting-point is relatively low, as in the case of arsenic 
trioxide, determinations of the molecular weight have shown that 
polymeric forms, e.g. (AsoOa)^, are stable. Another example of this 
type is water, which, as is well known, is polymeric. 

The polymerization of oxides can be structurally explained in 
the same way that was used to explain the union between dis- 
similar oxides. If we imagine, for example, SO3 to have free 
auxiliary valencies on sulphur and oxygen, then it would be 
possible for these to be saturated according to the scheme — 

0 0 0 0 0 0 

OS 1 OS = OS ... OS OS • OS 

0 0 0 0 0 0 


Whether this polymeric oxide is an auxiliary valency compound, 
or, since a displacement of the valencies is possible, an ordinary 
valency compound, as the following : 

O yO. O 

s/ >s 
O ^0/ o 

is a futile question, and one which is of only secondary importance 
for the constitutional behaviour of such polymeric oxides. It should, 
however, be noted that the auxiliary valency formulation must not 
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be excluded, because quite similar phenomena have been noted 
amongst the halides, and in these cases a transportation in the 
ordinary valency formulae is impossible, e.g . ; 


Cl 


Cl 


Cl— A1 . . . Cl— Al 



Cl Cl 
ClAl . ClAl 
Cl Cl 


(d) Polynuclear Oxygen Acids and Salts. 

Some polymeric oxides are so stable that they can act as acid 
anhydrides in the formation of compounds of the higher order. 
Bimolar chromium trioxide is an example of this class : 



■ 0 0 
OCr . OCr . 0 
0 0 


K. 


Potassium dichromate 


Amongst the chromic acids tri- and tetra-chromates,' (Cr 03 ), 0 Ra 
and (Cr 03 )j 0 R,, are even known. Our method of form’ulation'offers 
a simple and satisfactory explanation of the formation of such 
compounds from neutral salts and simple acid anhydrides : 

0 0 0 0 

OS + OS.OK, = OS.OS.OK. 

0 0 0 0 ' 


This polymerization is not confined to oxides of the first order 

but also may bo observed in double oxides. The formation of acid 

salts from monobasic acids may possibly be a change of this descrin- 
tion, e,g. the iodine acids : ^ 


0 0 0 0 

k.oi + oi = k.oi.oi 

0 0 0 0 

H H 

Acid potassium iodate 

0 0 0 0 0 0 

KOI + 01 + 01 = KOI . 01 . 01 

0 0 0 0 0 0 

H H H H 

Diacid potassium iodato 
* Jftger and Kruss, Ber., 22, 2034 (1889). 
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This capacity of the oxides for polymerization is particularly 
noticeable in some elements, e.g, silicon, molybdenum, tungsten, 
vanadium, niobium, and tantalum. 

The difficulties which have to be overcome in the establishment 
of the constitution of polymeric oxides, i.e. the manner in which 
the addition of the acid anhydride to the neutral salt takes place, 
render an exhaustive theoretical treatment of polynuclear oxygen 
acids impossible for the present. Nevertheless we may point out 
some interesting facts. 

There exists a series of complex salts which are formed by the 
addition of the trioxides of molybdenum and tungsten to different 
acids, and the resulting salts contain as a maximum either six or 
two molecules of M0O3 or WO3. This is true of the following series : 

RJOe + 6M0O3, R3PO4 + I2M0O3, B3PO4 + I2WO3, R3ASO4 
+ 12Mo03,R:iAs 04-|- 12\V03,* RgSiOg + I2WO3 (in two isomers), 
R^TiO^ -b I2M0O3, R,ZrO, + WMoO^y etc. 

The constitution of these compounds may be explained by 
assuming that the parent acids have taken up six molecules of 
M0O3 or WO3 or six double molecules (MoOs). or (WOjOs, and the 
addition compounds are constituted therefore similarly to the 
hydrates containing 6 and 12 molecules of water, these hydrates will 
be discussed later. Kieseltunstic acid has therefore the following 

constitution : 

[Si (0 . WO3 . W 03 ) 6 ]H 8 

The constitution of polymolybdates and of polytungstates can 

also be considered from this point of view. 

Ordinary ammonium molybdate has the formula 

(NH 4 ) 6 Mo, 0 ^ + 24H2O 

the corresponding potassium and sodium salts are also known. 
They may therefore be considered as orthomolybdates, MoOgRo, in 
which each of the six oxygen atoms have taken up one molecule M0O3 : 

(MoOg)Re + 6M0O3 

The paratungstates have had the formula 

R^WyOgi 

1 Kehrmann, Zeitscli. ano)g. 7, 406 (1894). 
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assigned to them, and these also may be given the structural 
formula : 

(^06)^6 + 6WO3 

Other workers have formulated the paratungstates as 
according to which they could be considered as double salts of 
and RgW^Oy. As a matter of fact, when preparing sodium 
paratungstate the salt Na^WgOi- -f llHgO is often found to be 
present; and Marignac has shown that on recrystallizing the 
paratungstate in the presence of a little soda, the salt Na^W-Goj 
+ I 6 H 2 O crystallizes out. 

The formation of all these compounds is consequently due to 
the addition of either salts or acids to the acid anhydride. Two 
simple examples will illustrate this behaviour. When potassium 
sulphate takes up a molecule of chromium trioxide, formino* 
potassium chromato-sulphate, the change can be expressed by the 
following equation : 

O O \ O O \ 

OCr 4- OS . O IK, = OCr . OS . O IK. 

O O / 0 0/' 

and the union of iodates with chromium trioxide is to be expressed 
in like manner, thus : 

O 0\ 0 0\ 

0Cr + 0I)K = 0Cr.0I|K 

00/ 0 0/ 

However, it will only become possible, after extended researches, 

to decide definitely how the different components unite together in 
each particular case. 


(e) Oa Peroxides. 

Simple peroxides, Ma^O.,, can be considered as being formed by 

the union of a divalent oxygen atom with the elementary atom in 

question. For the constitution of such compounds two possibilities 
present themselves, i.c. 

Me . 0 . O . Me and jJ® ’ 0(0) 

The formor is strictly in accordance with the doctrine of valency, 
and belongs to u great many organic derivatives of hydrogen per- 
oxide. The latter is only partly a valency formula, i.c. the linking 
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of the two metallic atoms, but the linkings of the two oxygen atoms 
are not in accordance with the doctrine of valency. Of course it is 
simplest to bind the second oxygen to the first by two valencies, 
thus making the latter tetravalent. Yet it must be remembered 
that this conception presupposes the equivalence of these new 
valencies for hydrogen and oxygen — an idea which may be de- 
veloped on paper but is not borne out by experiment. A more 
accurate idea of the constitution of a peroxide is obtained on com- 
paring water and the simple metallic oxides with the hydrogen 
and metallic compounds of other metalloids and the peroxides 
with the products obtained by the addition of oxygen to these 
compounds. 



Binary 

componods. 

Monoxides. 

Dioxides. 

Trioxides. 

Tetroxides. 

Chlorides .... 

RCl 

RCIO 

ROiOa 

RCIO3 

HCIO^ 

Sulphides .... 

RoS 

B2SO 

R^SOg 

R2SO3 

R2SO, 

Phosphides . . . 

R,P 

R3PO 

R3PO2 

1 ^ 3^03 

RjPO^ 

Oxides 

1 

R^O 

R2OO 

RjOO, 

R0OO3 



The ordinary peroxides belong to the monoxides, the ozonides, 
first discovered in organic chemistry, belong to the dioxides, and 
the alkalisuperoxides, called by Baeyer ozone acid salts, to the 
trioxides. The latter oxides, of which we have two examples, 
K2O4 and Rb-A, are produced by the direct oxidation of the alkali 
metals, or by the action of ozone on the simple oxides : 

Ko+20, = Kfi,, K^0-\-0, = K,0,0, 

According to this conception the ordinary peroxides as well as 
those richer in oxygen are to be considered as compounds of the 
higher order. As far as the monoperoxide, MeOg, is concerned, it 
has been demonstrated that the group 0^ only occupies one co- 
ordination position. Thus, for example, on the chromium atom in 
chromium tetraoxide, three co-ordination positions remain free, as 
is shown by the existence of the ammonium and potassium cyanide 

compounds : 

Chromium tetraoxide has therefore the constitutional formula 

0 . 

OCr 

O 
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in which O.2 only occupies one co-ordination position. The isomor- 
phism between oxyfluoro- and peroxofluoro-salts leads to the same 
results. 

The fact that superoxides combine together to form complex 
oxides in a manner analogous to simple oxides offers nothing new 
in principle, but a few examples of such combinations may be given. 
Thus chromium tetraoxide combines with metallic peroxides : 

Oo O 2 0., 0, 

OCr -i- OCr -|- OA, = OCr . OCr . O.R.^ 

0 0 00“ 


thus giving rise to a blue perchromate. The red perchroraates are 

0 

prepared from a chromium diperoxide, CrO., 

2CrO, -f 3(NH,)A = (Cr0,),[0,(NH,)J, 


The number of compounds produced by the combination of 
different peroxides is already very large. The following list well 
illustrates their variety : 


NaA.UO,, Li-A.UO,, (BaO,),.UO„ BaO^.UO,, NaA-WO, 

+ n,0,. K-A- wo.. HA KA. MoO.. HA, TiO^ + 10H,0, 

n“o;;;TA+ 1 HA BaO,.TA, Na,O.CA. NaA.CO,+ liH,/), 

ICO, . CO, + 3n,0, BaO . v,o, 


(f) On Snipho and Seleno Salts. 

The formation of double sulphides from simple sulphides, and 
double selenides from simple selenides, corresponds quite naturally 
to the formation of double oxides. The existence of double 
tellurides has not as yet been observed. 

The sulpho and seleno salts (i.e. those double sulphides and 
double selenides with salt-like properties) are the best known 
members of this group of compounds. The most stable sulpho 
salts are those formed with phosphorus, arsenic, and antimony, 
and their neighbouring elements in the carbon group, ie. germanium 
and tin. 

A few elements of the iron and platinum groups, as well as 
chromium, molybdenum, and tungsten, also display a capacity for 
the formation of sulpho salts. 
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The follo\ving list will serve to illustrate this class of com- 
pounds : — 

[PS,]K3,> [PS,]Na,+8H30, [AsS,]!?^, [AsAJR,, [AsS.JR^, [SbSJR^, 

[GeSJAgs, [SnS3]R„ [SnSJR,, [SnSJ^, [SnSJPt,, [SIlS„]p^^ 
[TISJK, 

[HgSJKo -f- 5 HoO, 

[AuS]Na + 4H3O, [PaS^lNa,., [Pd^SJE^,^ [Pd^SJAg..''^ [PtSJ§ , 

[PtSJ^^-‘, [PtSJPt,, [PtSJK,., 

[CrA]Na„ 

[MoSj]K„ [MoSJNa^, [WS.jK^, [WSJNa,, etc. 


The sulpho salts, as is well known, play an importaut part in 
mineral chemistry. 

Seleno salts are only little known : 


[SnSeOg-,’ 


NaoAsSe-t 4 ~ KAsSe^ -f K^HPSey 


-I- IsXSbSe^ + 9H,0.'’ 


^ Glatzel, Zcitscli. anorg. Clicm., 4 , 190 (1893). 

2 Schneider, Pogg. Ann., 148, 625 (1873). 

3 Schneider, J.j>7\ Chem., (2) 44, 507 (1891). 

■* Clever and Muthmann, Zcitsch. anoi'g. Chem., 10, 115 (1895). 
^ Clever and Muthmann, ibid., 13, 191 (1897). 

® Hofacker, Annalen, 107, 6 (1858). 


A glance at this list will show that in many cases the number of 
sulphur atoms in the sulpho salts is identical with the number of 
oxygen atoms in the corresponding salts of the same element. 

The maximum co-ordination number (MSf.) is more often to be 
observed in the sulpho salts than in the oxygen salts. This is pro- 
bably due, in part at any rate, to the method of preparation of the 
sulpho salts, for they are prepared by melting the sulphide with an 
excess of alkali sulphide. 


(g) Polysulfliides. 

Combinations of several sulphur atoms are able to act as divalent 
electronegative radicles. Compounds of this type are called poly- 
sulphides. With the exception of trisulphides, the existence of 
which is at present doubtful, a series of such sulphides, up to 
hexasulphides, is known, e.g. 

K^S, K^SS, K2SS3, KoSS, 
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In the pentasulphide group Schiff^ has prepared the zinc and 
cadmium compounds, ZnSs, and CdSg ; Hofmann and Hochtlen 
the thallium salt, TLS5 ; Badroux ^ the copper compound, CuoSs J 
Blitz and Wilke-Dorpert^ the rhubidium and C 90 sium compounds. 
Jorgensen some time ago prepared a pentasulphide of a metal 
ammonium compound : ^ ' 


^ ^ • • 

and also a rhodosopentasulphide, in a well-characterized form. 

The hexasulphide of Rosing,’ cuprohexasulphide CuoS,j, is also 
of importance. 

The constitution of polysulphides has been much discussed, but 
the most probable view of their constitution is that put forward by 
Drechsel, viz. that polysulphides are constituted similarly to the 
oxygen acids of sulphur, and hence pentasulphides are strictly 
comparable to sulphates : 

.. ro,,oi , rs„si 


' 1 a 4 O ( T-o Vv % ! ' t 


:)h‘ 


K, and K 


rs.si 




The easy separation of sulphur from polysulphides of hydrogen 
does not militate in any way against this conception, for it is well 
known that sulphur is easily split off from the thiosulphates. 

It is noteworthy that polysulphides can take part in the forma- 
tion of Bulpho salts, thus producing very peculiar compounds, as 
may be seen from the following, which were prepared by Hoffmann 
and Hochtlen : ^ 


AuS,NH, Ir(S5NH,), 

Gold ammonium polysulphide Iridium aramouium tripeutasulphido 

H.NO^S, . Bi(S,NH,), 

Paladium ammonium- Bismuth ammonium polysuJphide- 

diponta-Bulphido thiosulphate 

/S,NH, 

S,Pt/ + 2H..0 

Xnh, 

Platin ammonium triponta-sulphide 


* Antialen, 116, 68 (18G0). 

“ Cojupt. rend., 130, 1397 (1900). 

' Ber., 38, 123 (1905). 

* J. pr. C}t£m., (2) 20, 136 (1879), 

* Zeitsch, anorg. CItem., 26, 407 (1900), 
" Ber., 36, 3090 (1903). 
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Some very interesting compounds have been prepared from 
monovalent copper. They have the general formula CUS 4 R, and 
behave as if they were salts of acid hydrogen cuprotetra-sulphide. 
The ammonium salt has been examined by Hofmann and Hochtlen/ 
and the potassium, rubidium, and caesium salts by Blitz and 
Herms.^ 

(h) Mixed Salts composed of OxideSj Sidphidesy and Selenides. 

The complete analogy which exists between double oxides, 
double sulphides, and double selenides renders it quite natural to 
expect that oxides, sulphides, and selenides can combine together. 
Such combinations result in the formation of compounds of the 
higher order, the acid radicle of which contains at the same time 
different elements of the oxygen group. Thus the following 
transition series between the oxides and sulphides is known in the 
case of arsenic : 


[AsOjJRa, I As 


[as^Jr,, [asqJr., [as®^]r„ [AsSJR^ 


The corresponding compounds of phosphorus provide such 
another series ; 

Na,[POJ + 12HA Na 3 [py+ 12 HA Na^[p^]+11HA 

Na,,[^PQ»j+ IOH 2 O, Na,[PS,] + SH.O 
Molybdenum gives rise to an analogous series ; 

Na^CMoOJ, Na,,[Mog“], (K„)Na,[MoSJ 

Further, the following mixed salts are interesting : 

Na,[Pgg ] + 10H,O, Na^Jsb®®’] + 9H,0, Na 3 [v°J + SH^O, 

Na, j 

j^AsS 'j + 1 0 AO,^ Na^ [as|®] + SH.O = 

Na^lAsg J + 9 AO.“ Na 3 [Asg J + 9 H 3 O ^ 

1 Locke, Ainer, Gliem, X, 20, 373 (1898). 

^ Messinger, Ber.^ 30, 797 (1897). 


1 Ber.y 36, 3090 (1903). 


* Ibid.y 40, 974 (1907). 
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Of other mixed salts the following may be noted : 


3KoS . AssSeg + 12H,0, 3Na,S . 3Na.>0 . 2 AS.O 5 + 0 OH..O, 2KoS 
. P,S, + 5H.0 

Na^AsoS^SeO, + 20H,O, Na^As^S^SeA + 2H,0, Ka,As,S,Se 
+ I 6 H 2 O, Na^As^S^Se^Os + 36HA Na^As^S^SeO^ + 24 h'o, 
NaeA&ASea + 16 A 0 .' 


‘ Messinger, Ber., 30, 797 (1897). 

The thiosulphates belong to these mixed salts, for they are to 
be considered as members of the transition series between the 
sulphates and the pentasulphides : 


R(SO,). E..(S® ) R/SS,) 


The mixed salts which contain sulphur are particularly notice- 
able for their tendency to form complex salts, especially with 
sulphides which are not decomposed with water. This is very 
strikingly exhibited by the thiosulphates, and it is to this property 
that the solubility of silver chloride in alkaline thiosulphates is 
due. The complex AgS . SOalMe is produced by this reaction, and is 
remarkable for its sweet taste. The sweet taste of AgS . SO.(NH 
can be perceived even at a dilution of 1 in 320,000. The solubility 
of HgO in sodium thiosulphate with the consequent liberation of 
NaOH is to be ascribed to the formation of a complex, 

/S . SO,Na 

Hg< 

\S . SO,Na 


which also has got a sweet metallic taste. 
The ammonium salt : 

/S . SO3NH, 

Hg 

■ S . SO,NH, 


takes up three further molecules of ammonium thiosulphate, forming 
a still more complicated compound. 

The complex thiosulphates of bismuth which have been ex- 

amined by Hauser are very interesting. They have the general 
formula— 


S . SOjR 
BiS . SO 3 R 
S . SO 3 R 
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and the sodium, potassium, rubidium, caesium, and barium salts 
have been prepared. 

The composition of the copper alkaline thiosulphates is still 
more complicated, and up to the present satisfactory formulae have 
not been found for them. 


(i) Complex Oxygen Salts. 

1. General. 

From the fact that the cyano and thiocyanate salts are analo- 
gous to the halogeno salts, it follows that groups such as cyanogen 
take part in the formation of complex radicles in a similar way to 
elementary atoms ( 0 , N, Cl, etc.). It is therefore natural to expect 
that simple oxygen salts likewise can take part in the formation of 
still more complex compounds. In such cases the radicles (NO3), 
(NO.3), (SO4), (SO;t), {CO3), (C2O4), etc., would play the same role that 
oxygen, halogen, etc., play in the double oxides, double halides, etc. 
Experiment has shown this to be true, and the number and variety 
of the compounds which are thus produced are very great. Nitrates 
combine to form nitrato salts, sulphates yield sulphato salts, etc. 

Such complex salts quite often behave as double salts, i.e. in 
aqueous solution they exhibit the reactions of their components. 
This is, for example, in the nitrato salts, ascribed to the hydrolyzing 
action of water. 

The behaviour of the sulphates is more satisfactory, for the 
complexes they form are more stable. This behaviour is fore- 
shadowed in the behaviour of some simple sulphates, e.g. anhydrous 
chromium sulphate, which displays little tendency towards electro- 
lytic dissociation. Carbonates and oxalates have a still greater 
capacity for the formation of complexes, so that a very great 
number of stable complex carbonates and oxalates are known. In 
order to understand correctly the constitution of these complex 
salts, it must be borne in mind that in the sulphato, carhonato, and 
oxalato salts similar phenomena are to be seen as in the oxygen 
salts, i.e. compounds which have been formed in conformity with 
the laws governing, the formation of molecular compounds change 
their constitution and pass into ordinary valency compounds. This 
behaviour is due to the divalency of the oxygen radicles, SO4, CO3, 

C2O4, etc. 

This analogy may be made clear by comparing the changes : 



THE CHEMICAL COMPOUNDS 


109 


(a) Transformation of a double oxide 


0 

O : S . OH, 

• • 

0 

Molecular compound 


0 : 


Valency compound 


(fc) Transformation of a double oxalate — 

KO^C.CO.. „ ^C0,.C02K 

KO,C.CO;>^''<CO,.CO,K 

Valency compound 


0,0,^" . CoO.K, 
Molecular compound 


Such a transformation is only rendered impossible when the 
number of basic components, added to the complex, exceed a 
certain limit. The following compounds prepared by Rosenheim 
illustrate such a case : 

[Th(CO,)JNa, 4 - 12H,0, [Th(C 03 ),]K« + 10H,O, [Th(CO,),] (NH,), 

and [Th(C 03 )JTl« 

The stability of the nitrito and sulfito salts aflPords a striking 

contrast to that of the nitrato and sulfato salts, for the former are 

very stable indeed. This exceptional stability is due to a special 

cause. As is well known, these acids and their salts are tautomeric, 

*.e. they can give rise to isomeric derivatives of the following 
formulie \ 

0=N . 0 . R and . R 0=s/^^^ and 

, 0^ ^OR 0^ \0R 

HI. IV. 

The salts of the heavy and noble metals are constituted according 

to formulae II. and IV., and these salts contain the metal in a non- 

ionogeno condition. On the other hand, the salts of the alkalis 

usually have constitutions represented by formulae I. and III. In 

both these cases the central nitrogen and sulphur atoms, because 

they are strongly unsaturated, have a large residue of affinity which 

can act in the form of auxiliary valencies, and thus the addition of 

the alkali salts to those of the heavy metals gives rise to particularly 
stable complex salts. ^ 

The following paragraphs set forth the individual peculiarities 
of the complex oxygen salts. 
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2, Nitrato Salts, 

Nitrato salts are compounds resulting from the combination of 
two or more simple nitrates. 

The group of isomorphous complex nitrates with the general 
formula : 

III II 

[Me(N0,)j2Me, + 24H,0 


is very interesting, for these salts, as is well known, are of con- 
siderable importance in the separation of the rare earths. The 
following members of this particular group have been described: — 



Mg 

Zn 

Cd 

Mn 

Co 

Ni 

La 







Ce 

•f' 



+ * 

— 


Bi 


! +" 

— 




Nd 

+ 10 






Sa 







Gd 

+ 12 



1 



Ta 


— 






From this table it is clear that the nitrato salts have the same 
type-formula as the halogeno salts. The formation of a nitrato salt 
therefore must be considered as due to the mutual saturation of an 
auxiliary valency on an oxygen of the NO^ group and auxiliary 
valency on the central metallic atom. The formation of potassium 
barium nitrate consequently takes place according to the scheme : 



+ 


• • 



fNO^^ . O^NIK 
. O.NjK 


» Damour and Deville, Jahresh.y 16, 1868. 

2 Frerichs and Smiths, Anyialeny 191, 358 (1878). 

* Holzmann, J. pr. Clitm.y 75, 350 (1858). 

■» Damour and Deville, Xoc. cit. 

* Lange, J. pr. Chem., 82, 129 (1861) ; Ziesche, ibid.y 107, 65 (1869). 
^ Lange, loc. cit . ; Urbain, Compt. rend., HO, 583 (1905). 

^ Rammelsberg, Pogg. Ann.y 108, 435 (1859). 

* Lange, loc. cit. 

® Urbain and Lacombe, Compt. rend.y 137, 568 (1903). 

Demar^ay, ihid.^ 126, 900 (1898). 

” Demar<?ay, ibid., 130, 1185 (1900). 

12 Demartjay, ibid., 131, 345 (1900). 

Urbain, ibid.y 140, 583 (1905). 
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The majority of the elements which form nitrato salts belong to 
both the last series of the natural system of the elements.^ In the 
cresium series the first elements, Ba, La, Ce, Ne, Pr, and the last, 

Hg, Tl, Pb, Bi, possess this property. Thorium ■ in the next 
higher series also has this property. 

Beyond these elements a few of the heavy and of the noble 
metals (Ni, Fe, Ag), and also magnesium, are able to form nitrato 
salts. Hydrogen possesses an enormous capacity for the formation 
of complexes in which the acid radicle is probably represented by 
[H(hOa),t]. This is also true of the acid nitrates of some cobaltiates. 
It is also possible that the acid nitrates of the alkali metals are 
formed by the addition of nitrate residues to the alkali ; thus ; 

RbNO, . 5HNO, gives [Rb(N0,)JH5 


Of all the kaown nitrato salts in no single instance is the 

limiting type of the -complex radicle ]Me(NO,)„ exceeded It is 

also of interest to note that the most stable nitrato salts are 

prepared from the trivalent elements ; bismuth, gold, and the 
alkaline earths. 


The number of elements which form nitrato salts is relatively 
small. This peculiarity Ls to be ascribed to different causes In 
the first place, the formation of nitrato salts only seldom can take 
place, because the formation of the simple nitrates already has used 
up some of the auxiliary valencies which are most suited to complex 
formation, i.e the strongest. As a result of this the linking 
together of the components in nitrato salts often is very weak 
Agaii^ almost all the simple nitrates undergo considerable dissocia- 
tion in aqueous solution, and this naturally must lead to the 

to water 


See 


■re.,”"™"’ “ “ ^ t. . 

(1903) ; Rimbttoh. Ber., 37. 461 ^ ^ 

t Mayor and Wenzel. Ber.. 86. 4655 (1903) ; Sachs, fco. cit, p. 496 
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3. Doulle Sulphates and Sulphafo Salts. 

The number of double sulphates known is very great, and a 
classification, therefore, is desirable. This could be accomplished 
on the following lines. The simpler double sulphates are com- 
pounds in which both the hydrogen atoms of sulphuric acid have 
been replaced by different metals. They have, therefore, the 
general formula : 



Sulphuric acid displays a great tendency towards the formation of 
such unsymmetrical salts, and this is probably due to a more 
effective saturation than would be the case were symmetrical salts 
formed. 

The simple double-sulphates of the formula 

/Me 

so/ 

\Me' 

may be divided into two sub-groups, according as one or both of 
the metallic atoms have ionogene properties : 

= Me + Me' + SO^ and Me'^0. = Me + Me'S^ 

In the former instance we have the ordinary double sulphate, 
and in the latter the complex sulphate. To this first group the 
alums and double sulphates belong : 

[Me(0Ho)J(S04)2Me and [Me(0H,)c](S04lVre), 

In the second group we find the chromium sulphates, probably 
many compounds formed by the union of the sulphates of the 
alkaline earths with the sulphates of the alkalis, e.g. 

Th(S04K)4, Ce(S04K)4-f2HA etc. 
and iridium potassium sulphate, 

Ir(So4K)3 + OB, 

This latter compound has been examined by Del^pine,^ who showed 
that it gave no precipitate of barium sulphate when treated with 

• Compt. rend.i 142, 1525 (1906). 
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barium chloride, but a bluish-green precipitate which contained 
iridium. 


There is still a third sub-group to be mentioned. The members 
of this group are formed according to the ordinary laws governing 
the formation of co-ordination compounds. To this class belong 
such compounds as 

Th(S0,)2 + 4S0,K3 

its constitution doubtless being expressed by the formulae : 


\ 


KO3SO . 

KO3SO . 

KO3SO OSO.Kl 
KO3SO . 


OSO,K 


and 


O..SO . 


OSO3K2 

'jvjv/ • rrir • 0SO3K2 

O 3 SO . ^ . OSO.K, 

. OSO3K2 


(^erium ammonium sulphate Ce(SO,)2 + 3(NH,)2SO, is also a 
ember of this group. Unfortunately the behaviour of double 
sulphates in aqueous solution has scarcely received any attention, 
and hence an exhaustive theoretical treatment of these compounds 
is almost impossible. It is very desirable that these double 
sulphates be worked up on the lines suggested. 


4. Double Oxalates and Oxalato Salts, 

The residue of oxalic acid has also a tendency towards the 
formation of complex salts, for on collecting together the double 
oxalates and oxalato salts, it was found that about 300 compounds of 
the.so types have been prepared. Moreover, it can be shown that the 
formation of oxalato salts follow the same laws as other compounds 
of the higher order. The residue of oxalic acid can occupy two 
co-ordination positions ; potas.sium chloroplatoato thus corresponds 
to pota.ssiura oxalatoplatoate : 


’Cl ClI 

roco ocoi 

Pt 

Kj and 1 Pt 

Cl Cl 

Loco OCO_ 


But it must be noted that this need not bo always true, for under 

some conditions the oxalato residue takes up only one co-ordination 

position This IS probably the case in different oxalato salts of 
totravalont metals, e.g. 


Zr(OCOCOONH,)„‘ Th(OCOCOOK)„« U(OCOCOOK). ^ 

The oxalato salts may be grouped together under certain types. 

1 Vonablo and BaskorviUe, Am. Clum. Soc., 19, 13 (1897). 

Glove, Bull. Soc. Chim.,21, 122 (1874) 

• RammoUberg, Boilstoin, Handb. org. Chem., p. GC4. 


1 
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Divalent metals yield salts of the type 


■QCO 

OCO 



The following list affords illustrations of this type ; 



Li 

Na 

K 

Nir^ 

Mu(C 20 d 2 R.> 

[ 


2 H 20 « 

2 H 20 » 

Fe(C,Od 2 R 2 



1 IH 2 OM 
\ 2 H .0 8 / 

3H20“ 

Co(CoOd.R„ 

— * ** 


6 H; 0 ‘ 


Ni(C.Oj;R., 


— 

6 H 2 O* 


Pd(C 20 d 2 R 2 

— 


3 H 20 

/ 2 H 20 

\ 3 H 2 O 



OO 

2 H., 0 " 

2 H 2 O 

Cu(C 20 d 2 R 2 

2 H 20 = 

2 H 2 O® 

/ 2 H 2 OM 

\ 4 H 2 O 

2 H 2 O 

Be(C20d2R2 

— 

iHaO-^ 


OHjO'^ 

Mg(a0doR2 


— - 

6H201' 

— 

Zn(C20d2R2 


•— 

4 H 2 O 

3 H 20 

Cd(a.Od2R2 


2H20^ 

2H20^ 

— 

Hg(C,,Od3R2 

— 

— 

2 H 2 OS 

2 H 2 O® 

Sn(C204)2R2 

— 

— 


/1H«0>® 

ISHj'O'® 

Pb(C202)R2 

I ■ 


2iH20^^ 



* Rammelsberg, Beilstein, Haiidb. org. Chem., p. 664. 

- Troosfc, Jahresb., 141 (1857). 

* Souchay and Lenssen, Annalen, 105, 256 ; Soderbaum, Bull, Soc. Cliiin.i 

45, 183 (1886). ^ Soderbaum, ibid, 

* Vogel, Beilstein, Handb. org. Chem., 1, 646. 

® Rosenheim and Woge, Zeitsch. mwrg. Chcm.^ 15, 286 (1897). 

^ Souohay and Lenssen, Aniialen, 99, 31 (1856). 

® Beilstein, Hatidh., 1, 644. 

0 Eder and Valenta, Monatsh., 1, 763 (1880). 

*** V^zes, Bull, Soc. Chim,, (3) 21, 172 (1899). 

" V6zes, ibid., (3) 19, 875 ; Soderbaum, ibid., 45, 188 (1886). 

** Vogel and Rammelsberg, Beilstein, Eandb. org. Chem., 1, 646. 

•3 Shadwell, Jahresb,, QSl (1881); c/. Debray, Jahresb., 360, (1855); 295 

(1857). 

Lenssen and Souohay, Beilstein, Handb. org. Chem., 1, 642. 

>5 Kayser, Beilstein, ibid. 

Hausmannand Lowenthal, AnnaUn, 89, 104; Rammelsberg, Jahresb., 

465 (1855). (1881). 

‘8 Kane, Beilstein, Handb. org. Chem., 1, 645. 

Soderbaum, BmZZ. Soc. Chim., 45, 188; cf, Beilstein, Handb. org. Chem., 

20 Graham, Annalen, 29, 8 ; Rammelsberg, Beilstein, Handb. org. Chem., 
1, 646. 
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Trivalent elements yield oxalato salts of two chief types : 

[Me(C204)3]R'3 and [Me(C 204 )>]ll 
The following tables illustrate both types : — 

(a) Compounds [MeCCsOJjjRg. 


Na 


K 


Vd(C,0,)3R3 

Cr(C20j3R3 

Co(C,Od3R3 

Rh(G,Od3R3 

A\[G,0,hR, 

As{C20d3R3 

Sb(C20j3R3 

Bi(C20.)3R3 


4 JH 20 ‘ 

/4JH,On 

\5iH:0=/ 


3H„0* 

3h;o 


3H.0 


U 


/4iH.,On 

\5U,6^ f 


3H..O»2 

4iH.0‘3 

/2^H.O 

3H.,0 
3H.O» 
12H'0 
SHiO 

4h;o^»j 


NH^ 


3H..O" 

4H:0 3 

SH.O-® 

4iH,0^ 

2JH.,0 ' 


/ 2 H 2 O 

5H,0 =1 


‘ Mitscherlich, Rammelsberg and Schabus, Jahresb., 393 (1854) ; Rosenheim 
and Cohn, Zeitsch. ayiorg, Chem., U, 204 (189G). 

" llitscheiiich, Rammolsborg and Schabus, Beilstein, Handb, orn. Chem. 

1, C44. ’’ 

’ Eder and Valonta, Monatsh., 1, 763 (1880), 

^ Loidi6, Ann. chim., (6) 17, 309 (1889). 

“ Rosenheim and Cohn, Zeitsch. anorg. Chem., 11, 182 (189G). 

29o"(1899)^^°*^’ ' ^ (1870): Rosenheim, Zeitsch. anorg. Chem., 20, 

‘‘“‘I AnnaUn, 105, 

idub ( 185 o}« 

^ Picciui and Brizzi, Zeitsch. anorg. Chem., 19, 400 (1899). 

“ Croft, Berz. Jahresb., 23, 225 (1844). 

1695 (1887^^““'^^°''""“’ Kohrmaun, 20, 

■■ Ilammolaborg, Schabus and Buasy, BoUstein, Bandb. org. Chem., 1 041 
Sorenson, Zeitsch. anorg. Chem., 11, 5 (1896). 

Dufot, Ann. chim., (G) 17, 307 (1889). 

Rosenheim and Cohn, Zeitsch. anorg. Oicm., 11, 182(1896). 

Kehrmann and Pickorsgill, ibid., 4, 134 (1893). 

Souchay and Lonsson, Ayinalen, 105, 225 (1858). 

Wagner, Ber., 22, ref. 288 (1889). 

'* Uo-senheim, Zeitsch. anorg. Chem., 20, 290 (1899). 

Mitscherlich and Rammelsberg, Beilstein, ory. 1 643* 

Rosenheim and Cohn, Zettsch. anorg. Chem., 11, 204 (1896). 

Marsohall, Trans., 69, 769 (1891). 

•' Rosenheim, Zeitsch. anorg. Chem., 20, 305 (1899). 
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Compare these salts with the halogeno salts of the type 

(MeX,)R3.* 


( h ) Compounds of the Type [MeCCjOJJK. 



Na 

K 

NH4 

Sa{C..OJ.R 


- 


Er( 0 ‘Oj‘„R 




Y(G30,),R 




1 

1 

\ 5 H ,0 

4H2O 

Fe(CoO,)2R 

— 

2iH20 ' 


ai(c:o,)3R 


SfH^O ' 

2^H,0 

T1{GA)2R 


3H3O® 


SbiCjOJ^R 

— 

tlH^O ‘V 

f 5 H, 0 ^ 1 

\6H2OW 

Bi(0,Oj2R 


riH,OM 

15 H, 0 ”/ 

— 


^ Rosenheim and Cohn, Zeitsch. anorg. Chem.y 11, 182 (1896). 

* Cleve, Bull Soc, GUim., 43, 171 (1885). 

^ Cleve and Hoeglund, Beilstein, Handb. org. Chem.y 1, 643. 

* Cleve and Hoeglund, Bull Soc. Chim., 18, 294(1872). 

* Croft and Berzelius, Jahresh.y 23, 235; Rosenheim and OohxL, Zeitsch. 
anorg. Chem.^ 11, 204 (1896). 

“ Werner, Trans., 53, 405 (1888). 

^ Eder and Valenta, Momtsh., 1, 763(1880); Rosenheim and Cohn, Zeitsch. 
ancrrg, Chem., 11, 218(1896). 

® Rabe and Steinmetz, Zeitsch. anorg. Chem., 37, 88 (1903). 

* Svenssen, Ber., 3, 314 (1870). 

Rosenheim, Zeitsch. a-norg. Chem., 20, 290 (1899). 

" Ibid., 20, 306 (1899). 

Berlin, Beilstein, Handb. org. Chem., 1 , 643. 

Rosenheim, Zeitsch. anorg. Chem., 21, 1 (1899). 

- - * The oxalate residue behaves when forming complex salts just like the 
bimolybdate residue MojOy, for the latter forms a series of complex salts with 
trivalent elements with the general formula : 


[Me(Mo20,)3]R3 

as following list shows ; 



Na 

K 

NH4 

[Al{M020y)3]R3 

■Cr(Mo20;)3]R3 

[Co(Mo20.)3]R3 

llHsO* 

io^:^o’ 

10H„O * 
lOH^O’ 
7^H20 ^ 

10H2O ' 

IOH2O 


* Struve, Annalen, 92, 267 (1854). 

2 Gentele, J. pr. Chem., 81, 414 (1860). 

3 Struve, ibid., 61, 457 (1854). 

' Friedheim and Keller, Ber., 89, 4301 (1906). 
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Rubidium and caesium salts of these different types of oxalato 
salts have not yet been prepared. 


6. Double Sulphites and Sulphito Salts. 

Sulphurous acid displays considerable capacity for the formation 
of stable complex salts in which the acid residue is linked by non- 
ionogene valencies to the noble and heavy metals. The following 
list of metals afford some idea of the type of metal which enter into 
these complex salts : — 


Mn, Fe, Co, Ni, Cu, Zn, Mg, Be, 

Ru, Rh, Pd, Ag, Cd, 

Os, Ir, Pt, Au, Hg. 

To this group of metals, the members of which stand next one 
another in the periodic system,* uranium has to be added. Up to 
the present, the mercury salts are the most accurately examined. 

Barth ^ examined them and cleared up their complex constitution. 
He proved that in the salts 


[ HglSO,)^] Na,, + H.O, [Hg(SO,)J(NH.), and [Hg(S03)JK2 

the mercury is not ionized, and consequently that the complex 
[Hg(SOa).i] behaves as a single acid radicle. 

The reason for these salts not producing precipitates with 
phosphates, carbonates, ferro- and ferricyanides, is therefore clear. 
Pfjan de St. Giles was the first to record this peculiar behaviour.^ 
The compounds are to lie considered, as Divers and Schiraidzu ' 
have pointed out, as salts of a “ mercury sulphonic acid.” 

Barth has also prepared the silver, strontium, and barium salts : 


[Hg(S03)JAgn + 2H0.^, [Hg(S03),]Sr + 2H,,0, [Hg(S 03 )JBa + H20 


Other divalent metals give rise to sulphito salts, which are 
represented by the general formulai 




-I- 2 MeS 03 


I.c. Author's system. [Translator's note.] 
^ Zcitsch. physikal. Chem., 9, 176 (1892). 

' Ann. Chim. Phys., (3) 36, 80 (1852). 

' Trans., 49, 533 (1886), 



con- 
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Compounds of the latter type probably have the following 
stitutional formula : 


[Me(S03)JR, 

The following compounds are known ; ^ 

[Fe(S03),](NH,X>, [Ma(S03X](NH,).>, 

[Zu(SO,)J(NH,X 

and [Ni(SO,)jJS-H,), 


[Co(S 03 ),](NHi), 


[Cd(S03)J 


Cdg 

(NH,), 


The composition of the double sulphites of copper and silver is 
very complicated and obscure, for the results of different experi- 
ments lead to very different conclusions. Rosenheim ^ explains 
these divergent results by assuming that many of the substances 
described as compounds are in reality sohd solutions of, for example, 
alkali sulphite in copper sulphite. 

Gold forms two series of sulphite salts : 

[Au(SO:;)JR 3^ and [Au(S03)JK5 


and those of palladium ^ and platinum ^ are also interesting : 

[Pd(S 03 ),]Na, + 2H,0. [Pt{S 03 ) 4 ]Na« + H,0, 

[Pt(S03) JEo, [Pt(S03),](NH,), + 3H,0, [P^SOs^] Na, + 2H3O 

The salts correspond to the halogeno type [MeXjjRaj and hence 
it is to be assumed that the sulphite residue only occupies one co- 
ordination position. 

Three more platinum salts are known : 

/SO3NH, 

-fH.,0 Pt< +H0O 

The trivalent elements, cobalt, rhodium and iridium, yield 
sulphito salts of the general formula : [Me(S03)3)]R.j, thus ; 




» Berglund, Ber., 7, 470 (1874). 

2 Zeitsch. attorg. Chem., 25, 78 (1900), 

^ Hasse, Zeitsch. f. Chem,, 12, 535 (1869). 

‘ Fr6iny, Awn. Chim. Bhys.y (3) 31, 485 (1851). 

® Wohler, Annalent 174,200 (1875). 

® Litton and Schnedermann, Aymalen, 42, 318 (1842) ; Peyronne, ibid., 51, 
5 (1844) ; Liebig, ihid.^ 23, 23 (1837) ; Claus, Pogg. Ann.^ 28, 181 (1833). 
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[00(803)3], Ba3,^ [Co(S03)3],Ca3,^ [Co(S03)3]2C03^ [Co{S 03 ) 3 ]Ag 3 / 

rRh(SO )3lK3 -f- 3HA' [Rh(S03)3]]Sfa3 + 2HA' rir(S03)3]K3 

+ 3HA^ [Ir(S03)3]Na3 -{- 4HA^ [Ir(S03)3](NH,)3 + liH,0 ^ 

A great many sulphite salts containing different alkali metals are 
known. It should be noted that the isomerism between KSOgNa 
and NaSOgK, which Barth thought he proved to exist, has been 
denied by Fraps.^ 


(k) On Mixed Salts consisting of Oxides with Halides^ Cyanides, etc. 

Since it has been found practicable to combine oxides, sulphides, 
etc., with halides, cyanides, etc., we have therefore the possibility of 
forming many new classes of complex salts. Much is already known 
about such compounds, but their systematic investigation will 
require very extensive work. 

To characterize these compounds a few examples of their manner 
of formation are given. 

Just as basic oxides are taken up by chromium trioxides : 

0 0 

OCr -|- OK, = OCr . OK^ (Cr04)K, (potassium chromate) 

0 0 

so in like manner compounds are formed from halides and chro- 
mium trioxido : 

^ ^ r m 

OCr-l-ClNH. =OCr.ClNH4 ^ ICrXiMNIL 
0 0 L OIJ ‘ 

^ ^ r m 

OCr -h PNH4 = OCr . FNH4 ^ Civ^InH^ 

0 0 I ^ i 

In those compounds wo have to deal with salts in which the 
complex acid residue contains halogen and oxygen. In a similar 

manner the formation and constitution of the following compounds 
are to bo explained : — 

’ Berglund, Ber., 7 , 469 (1874). 

* Soubort and Kobbo, Ber., 23, 2558 (1890). 

* Birnbaum, Annalen, 136, 183 (1805). 

* Avier. Cfian. J., 32, 202 (1907). 
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1. Fluoxo-salts, 

With reference to fluoxo-salts it is worthy of note that the 

elements which show the greatest tendency to form this class of 

salt are those which occupy neighbouring positions in the periodic 
systems, i.e. 

Ti, V, Cr, 

Zr, Nb, Mo, 

Ta, W. 


The following list illustrates the fluoxo-salts of these elements. 



[mo^Jr’ [mo^Jr," [moJJr/ [Ta°jR + RF“ 

[wJ^’]r,>‘ 


' Piccini, Eend. Acad. Linceit 1885. 

* Piccini, Ber., 21, 686 (1888). 

^ Dammer, Lehrb., III., p. 714. 

' Baker, B&r., 11, 1722 (1878). 

® Werner, Zeitsch. anorg. Chem.^ 9, 407 (1895). 

* Baker, Trans., 35, 760 (1879). 

^ Marchotti, Zeitsch. anorg. Chem., 10, 66 (1895). 

® Mauro, Qazz. chim., 19, 179 (1889). 

Mauro, ibid., 18, 120 (1888) ; 19, 179 (1889) ; 20, 109 (1890). 

Marignac, Chim. Phys., (4) 9, 268(1866) : Marchetti, anor^. 
Chem., 10, 66 (1895). 

** Marignac, Ann. Chim. Phys., (3) 69, 65 (1863). 

Of the other elements which give well-characterized fluoxo- 
salts, uranium, iodine and boron, deserve mention : 

[tjJJk, [u.JJk, [u.pJk, [Up^Na -f 2H,0 and + 4Hfi 

[uJjBa3-i-2H20' [iJ^jK^CNa, Rb, Cs, NH,) 

B ACrK), ^ 

^ Bolton, Jahresb., 1866, p. 166 ; Smithells, Trans., 43, 125 (1883). 

^ Weinland and Lauenstein, Ber., 30, 866 (1897). 

* SchiS and Sestini, Aymalen, 228, 72 (1884). 
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It seems to the author doubtful whether the fluoro-sulphates, 
dithionates, and phosphates which Wein and and Alfa ^ prepared 
are to be classed amongst the above compounds. For it would be 
very peculiar indeed if hydrofluoric acid were able to replace 
oxygen in phosphoric and sulphuric acids. It is not impossible 
that these compounds are hydrofluoric acid addition products of 
phosphates, sulphates, etc., 

(PO,)®^ + HP, (PO,)^^ + HF, (P0,)5 + HF, K,SA + 2HF 

+ H,0, Rb,SA + 2HF + HoO, Cs,SA + HF + H^O, K^SO. 

+ KHSOA2HF, Rb,SOARbHSOA2HF, Ca.SOAOsHSO^ 

+ 2HF. 


2, Halogcnoxo Salts with Other Halogens. 



* Woinland and Fridrich, Bcr., 38, 3784 (1905). 

Weinlaud and Knoll, Ber., 37,509 (1904) ; Zeitsch. anorg. Ghem., 44, 81 
(1906). 

* P6chard, Compt. rend., 114, 173 (1892). 

* Ephraim, Zeitsch. anorg. Chem., 35, 71 (1903). 

* Koppel and Kaufmann, ibid., 45, 345 (1905). 

" Weinland and Storz, ibid., 64, 223 (1907). 



' Wintrobort, Ann. Chim. Phys., (7) 28, 16 (1903). 

» Berzelius, Pogg. Ann., 1, 360 (1824) ; Pfiligot, A 7 i 7 ialen, 43, 279 (1842). 
^ Weinland and Kn6U, ZeiUch. anorg. Chem., 44, 81 (1905). 

* Weinland and Storz, 64,223 (1907). 

» Borthelot, An7i. Chun. Phys., 44, 387 (1830). 


* Weinland and Alfa, Zeitsch. anorg. Chein., 21, 43 (1899). 
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Attention may also bo directed to some compounds which 
probably belong to the oxohalogeno salts : 

AS2O3 . ClCs, As, 03 . BrRb, AS3O3 . IK, HSO3 . ClRb, 

2HIO3 . 3 ClRb, KIO3 . HIO3 . CIK, etc. 


3 . Cyaiio and Thwcyano Salts. 


Cyanides and thiocyanides form complex salts with oxides 
corresponding to halogenoxo salts. To this class belong the 
following compounds : 


[aio^y J K, + 1 OH ,0 ^ [mo, s Ke + 5 H ,0 ^ 
+ 4H,0^ [Mo^y J Ka + TH^O ^ 


Ko + SHgO 


S 

MooO 


CyJ 


K. 


' Rosenheim and Koss, Zeitsch. atwrg. Chcm., 49, 148 (1906). 
^ Koppel and Goldmann, itid., 36, 281 (1903). 

^ Petersen, ibid., 38, 342 (1904). 

‘ K. V. der Heide and Hoffmann, ibid., 12, 275 (1896). 


( 1 ) Mixed Salts consisting of Halides^ Cyanides, Oxides, etc., with 

Oxygen Salts. 

Halides, cyanides, thiocyanides, nitrates, oxalates, nitrites, 
sulphites, etc., can combine together in the most varied manner, as 
Kohlschiitter ^ in particular has recently shown. In this manner 
an immense variety of complex salts can be produced. It would 
lead us too far to discuss their individual peculiarities, but it ought 
to be noted that up to the present the behaviour of these com- 
pounds has received very little attention, in spite of the fact that 
in this branch of the subject valuable results are to be expected on 

isomeric phenomena, constitution ratios, etc., etc. 

In order to give some idea of this type of compound the 

following list is appended : 



* Vezes, Compt. rend., 112, 616 (1891); 113, 696 (1891). 

^ Miolati and Gialdini, Atti R. Accad. d. Lincei, Rome, (6) 11, II. 151 (1902). 


1 Ber., 36, 483 (1902). 
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‘ Kohlschutter, Bcr.y 35, 483 (1902). 

Wintrcbert, Ann. Chim. Phys., (7)28, 15 (1903). 

^ Koppel and Behrent, Zeiisch. anorg. Chcnu, 35, 154 (1903). 

‘ Koppel and Goldmann, ihid., 36, 281 (1903). 

* Rimbach, Bcr., 37, 461 (1904). 

« Rosenheim and Prank, ibid., 38, 812 (1905). 

' Grossmann and Kriimor, Zeitsch. anorg. Chem., 41, 43 (1904). 
" Rubs, ibid., 31, 42 (1902). 

“ V6ze3 and Wintrobort, Bull. Soc. Chim., (3) 27, 5G9 (1902). 

V6zes, ibid., (3) 29, 83 (1903). 

" V6ze8, ibid., (3) 27, 930 (1002). 


That sulphites take part in the formation of mixed salts in a 

similar way is to bo seen in the interesting .series of platinum 
salts : * 



Iridium also yields such another series : 




Ihe complex Balts of monovalent copper and silver which 
Rosenheim and Steinhauser ’ described, are of very great impor- 
tance, They crystallize very perfectly, and their composition shows 
them to bo complexes formed from copper or silver monohalide or 
thiocyanide with ammonium thiosulphate ; but the most important 


' Birnbaum, Annakn, 162, 137 (18G9); 169, IIG (1871). 
356'(m7)’ 

* Zeitsch. anorg. Cltem., 26, 103 (1900), 
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point is that the co-ordination number of these monovalent elements 
is six, e.g. 


Bra 

(S.O3) 

n CL 

(s. A) 

Cu(SCN), 


J (N A), 




Cu 


Brg 

(S2O3) 


■ (NA) 

4j 


NsSt™.). [ 

Finally, the compounds of the Wagnerite group belong to mixed 
salts described above, i.e. 

MgO^PO 

Mg< ^MgFa 

MgOaPO'' 


J(NA), [ 

(NH,), 


(m) Hydrates formed hy Addition. 

1. The Metallic Hydroxides. 

When water is taken up by a metallic oxide, a double oxide 
results, and this latter compound very often undergoes a further 
change which is brought about by the divalency of oxygen and the 
mobility of the hydrogen atom, and which results in the production 
of a metallic hydroxide. These changes may be expressed by the 
following equations : 

MeO -j- OH 2 = OMe , OH 2 

Some of these hydroxides have the additional property of being 
able to take up other metallic hydroxides, thus producing salts 
which will be called hydroxo salts, and are comparable to the simple 
0 x 0 salts, thus ; 

O O 

OCr 4- OK 2 = OCrOK. (CrO^)!^^ 

0 0 

Oxo salt 

HO K HO K 

Me -j- 0 = Me . 0 [Me(OH) 3 ]K 

HO K HO K 

Hydroxo salt 

In the acid radicles of the hydroxo salts the hydroxyl groups 
play the same part as oxygen in the ordinary oxygen salts, or 
halogen in the halogeno salts. As a matter of fact, a complete 
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analogy exists between halogeno and hydroxo salts, as we will 

proceed to show. Thus plate hydroxide corresponds to plate 
chloride : 


HO OH 
*Pt‘ 

HO* OH 


Cl Cl 
'Pt* 

Cl* ‘Cl 


Plate hydroxide combines with two molecules of alkali 
hydroxide ; a reaction which is completely analogous to the union 
of plate chloride with two molecules of potassium chloride : 




r OH 

‘1 

HO 

OH 

HO • OH 

*Pt* 

+ 2 HOK = 

1 * ■ 

Pt 


HO* * 

OH 

HO 'oh 



L OH 

J 



r Cl n 


Cl 

A 

Cl 

Cl . • .Cl 


Pt 

* + 2C1K = 

.Pt 


cr 

'Cl 

Cl • Cl 

J 



Cl 



K 


to plate 


Other metallic hydroxides behave quite similarly 
hydroxide, t.q, stanne hydroxide and plumbe hydroxide : 

(H0)4Sn + 2KOH = [Sn(0H)e]K2 
(HO),Pb -h 2K0H = [Pb(OH)8]K2 

The complete analogy which exists between these three metallic 

hydroxides has been demonstrated in the beautiful researches of 
Bollucci and Parravano.* 

Sal^formation with these metallic hydroxides does not take 
place according to the theory of amphoteric ions (i.c. by the substi- 
tution of hydroxyl hydrogen for metal), as up to the present believed 
to be the case, but rather by the addition of basic hydroxides to the 
central metallic atom of the metallic hydroxide. It is a character- 
istic of these hydroxo salts that the hydrogen of the hydroxyl group 
when acted upon by a base cannot bo replaced by the metallic atom 
This behaviour constitutes the difference between these salts and 
he ordinary oxygen salts ( 0 x 0 salts), for in the latter hydrogen 
lias acidic properties. The hydrates of the metallic hydroxides 

I- 378(1906); Qazz. Chim., 86, 
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(HO),Pt(OH,)„ (HO),Sn(OH,)„ (HO),Pb(OH,)„ are to be con- 
sidered as the acids of these hydroxo salts. It should be noted, 
however, that in most cases these hydrates are not stable in the 
free state, but decompose into metallic hydroxide and water. In 
this respect they are completely analogous to carbon dioxide and 
such compounds, a fact which would have to be remembered in a 
general treatment of the acids. 

At present the number of hydroxo salts is small, but research in 
this direction ought to add greatly to the number. In this con- 
nection, it is certain that Senderens’ salt ^ is produced from an acid 
of antimony which is as yet unknown. 

The solubility of the hydroxides of zinc, aluminium, etc., in 
alkali is to be referred to the formation of hydroxo salts of this 
type. The changes which take place in such cases are quite 
analogous to the solution of mercuric iodide in potassium iodide : 

I,Hg + IK = [HgI,]K 
(HO)oZn + KOH = [Zn(OH)3]K 

This conception is justified in the case of aluminium for a 
whole series of salts, the existence of which is predicted by the 
theory, can be isolated. 

The following types of salts are to be expected : 

(H0)3A1.R0H, (HO^Al. 2ROH, (HO)3Al . 3R0H. 

And since the following salts are described in the literature : " 

2A1(0H)3 . Ba(OHX + H,0 and 2H,0, Al(OH)3 . KOH, A1(0H)3 
. NaOH, A1(0H)3 . 2T10H + Al(OH)3 . Ca(OH), + H^O, 

A1(0H)3 . Ba(OH)„ 2A1(0H)3 . 3Sr(OH)2, 2A1(0H)3 

. 3 Ba(OH), -h 2-5H,0 

we have therefore examples of every possible type. The zincoates 
have been much less investigated. The following compounds have 
been described ; ^ 

Zn(OH>3 . NaOH -f 2IH3O, 2Zn(OH)o + Ca(OH)3 + 4HoO, 
2Zn(OH>3 . Sr(OH)2 -f 7H,0, 2Zn(OH)2 . Ba(OH), + 7HA 
3Zn(OH)2 . 4HaOH + 13H,0 

The auriates also belong to the hydroxo salts ; potassium 
' Bull, Soc. Chim., (3)21, 47 (1899). 

2 Beckmann, J. pr. Chem., 26, 385 (1882) ; Allen and Rogers, Auier. 

Chem, J.y 24, 304 (1900) ; Hawley, J. Amer. Soc., 29, 300 (1907). 

3 Comey and Jackson, Anier. Chem, J., 11, 145 (1889) ; Bertrand, Go7npt. 

rend., 115, 939 (1892). 
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auriate has the following composition ; KAu(OH)^ -f- and 

corresponds to potassium chloroauriate KAuCl,, + HoO. 

The examination of the hydroxo salts of aluminium and zinc 

shows that the salts formed with the divalent metals are much 

more stable than those formed with monovalent, for the aluminiates 

and the zincoates of the metals of the alkaline earths are much more 

stable than the corresponding alkali salts. Related to this stability 

is the fact that the divalent metals form rings which are very stable 
indeed, e.g. 

HO. .OH. 

HO . A1 Ba 
HO . . OH • 

The importance of these rings will be made clear when, in the 
following paragraph, we are discussing basic metallic salts. 


2. Hydrates formed hj Addition to Salts. 


In order to simplify tlie treatment of this class of hydrates, it 
IS proposed to discuss first those hydrates which are formed by the 
addition of water to metallic halides. In the general part of this 
book we have discussed already the constitution of addition com- 
pounds of this description, choosing the hydrate of platinum chloride 
as our example : CljPt(OH.,).. 

We saw that the compound has the following constitution ; 





and that it is a dibasic acid : 



The great electrolytic dissociation of water in such addition 
compounds can be ascribed to the influence of the complex, but it 
can also have another cause. It might be due to a type of 
tautomerism similar to that which has been proved in organic 

* Fr6my, Ann. Chim. Phys.^ (3) 31, 438 (1851). 
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chemistry to exist between acids and pseudo acids. The hydrate 
of platinum chloride could be tautomeric in the following sense; 

/0H.> /OH 

/ / riPT 

PtCl4 Cl,Pt<g{g 

\0H, ^OH 

The second formula contains the hydrogen as a component of 
CITI, and therefore explains the acid properties of the compound 
in a satisfactory way. Such a conception brings these compounds 
into very close relationship with the ordinary oxygen acids, as 
may be seen from the following equations : 



OS + OH, = OS . . . OH, ^ 



0 

Cl 


ClAu + OH, = ClAu . . . OH, 
Cl Cl 


O.^OH 

0^“^OH 



CIH 

OH 


All halides which are undissociated in aqueous solution behave 
like the chlorides of gold and platinum. This, for example, has 
been shown to be true in the case of platinum iodide, for from the 


hydrate ; Pt ^ Bellucci * has been able to prepare the silver, 

thallium, mercury, and basic lead salts. 

These addition hydrates take up a position intermediate between 
the halogeno and hydroxo salts. Thus in the theoretical part it 
has been shown that in the salts of tetravalent platinum, with 
only one exception, all the compounds intermediate betwe^ 
platinic acid [Pt(OH)e]H 2 and hexachloroplatinic acid [PtClJH, 
have been prepared and characterized by salts. Again Miolati an 
Pendini^ were able to show that Nilson’s decomposition product 

(PtCl 3 )H + xHaO of chloroplato acid, [PtCljJH,, is a dibasic acid 

and has the formula [Pt^^ H,. They were able also to prepare 

its silver and lead salts. Biilmann and Andersen ^ have prepared 
from the corresponding bromo acid, a compound which is to 
considered as the allyl ester of the potassium salt , 


( Pt^**® 

(.^^^ohJCsH, 

* Bellucci, Atti B. Acad, dei Limcei, Boma, (5) 11, 1. 8 ; II. 241, 271 (1902). 

* Zeiisch. anorg. Chem.^ 33, 251 (1903). 

3 Ber., 36, 1565 (1903). 
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Other elements also yield salts which can be considered as 
compounds intermediate between halogeno and hydroxo salts, thus, 
antimony yields the salt ^ 


(sbgyc. 

In the next section large groups of such compounds will be 
discussed. 

Not only dissociating halides, but also other non-dissociating 

metallic salts ought to give rise to acids through the addition of 

water. Satisfactory work in this direction has yet to be done. 

Such simple behaviour as has been discussed above is only to 

be observed on hydrating compounds in which the acid residues are 

so firmly linked to the central atom that they remain undissociated 

in aqueous solution, for it is only under such conditions that 

addition can take place without being accompanied by secondary 
reactions. 

The behaviour of electrolytically dissociated halides is much 
more complicated. Let us suppose that the dissociation is in- 
complete. Then that portion of the hydrate of a salt which is not 
split up into metallic and halogen ions will behave as an acid, and 
the other part will split up into metallic and halogen ions’ and 
hence with such a halide there would be present in aqueous solution 
both hydrion and chloridion. An example of this type of halide is 

copper chloride, and its behaviour in solution can therefore be 
formulated as follows : 



3 . On the Addition Compounds of Metallic Hydroxides which correspond to 

the Hydrates. 

In the aqueous solution of copper chloride beyond hydrion and 
chloridion there also exists the following ions : 

OH 

ClaCu/ and + + Cu<(^ 95*^ 

\OH \OH.^ 

* Wells and Metzger, Amer. J. Sci., ( 4 ) 11 , 451 (1901). 


K 
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Should these ions have the capacity to form an insoluble 
compound by combining with one another, then a precipitate will 
be produced. In the special case of copper chloride this is possible 
and the basic precipitate so often observed separates ; 





OH 

OH 


>Cu< 


OH2 

OH, 


Basic salt 



Cu + 2H2O 


The behaviour of the fluoride very prettily illustrates the 

F OH, 

formation of this basic salt. The dihydrate ' Cu * dissolves 

F * ’ OH, 

in cold water, but on warming the solution the basic salt : 

F HO 

* Cu * * Cu(OHA 

F* 'HO* 


is immediately precipitated. 

Basic salts are therefore the salts of the acid resulting from 
the hydration of halides, and they may be considered also as mixed 
salts intermediate between halogeno and hydroxo salts. They may 
be produced either by the addition of metallic hydroxides to neutral 
salts or vice versa, 

Basic salts formed by the addition of metallic hydroxides to 
neutral salts are very often difficultly soluble. This property as 
well as their great stability — the result of being ring compounds - 
renders their preparation an easy matter. In fact, the formation 
of such basic salts is a characteristic of some elements. Lead is an 
example of this kind of element. 

For lead yields basic compounds of the general formula : 

X HO 
* Pb * ' Pb 

X ■ ■ HO ' 

as a nitrate, chloride, o-,m-, and p-nitrophenate, 2, 4-dinitro- 
phenate, 2, 6 - dinitrophenate, pikrate, 2, 3, 4, 6 - tetrabrombenzene 
sulphonate, nitrobenzene- 3, 5 - disulphonate, benzyl sulphonate, 
p-chlorbenzyl sulphonate, nitrobenzyl sulphonate, 2, 4, 6-trim- 
troresorcinate, etc. Many other divalent metals also yield such 
basic salts. 
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4. On Addition Compounds with Organic Eadichs which correspond to the 

Hydrates. 

The organic derivatives of water (alcohol, ether, etc.) combine 
with salts in the same way as water. The products of such a 
reaction can be compared to those formed by the addition of alcohol 
and ether to oxides, for the reactions by which alkyl sulphuric 
acid and the esters of sulphuric acid are produced : 

^ 0 .H 0 .OH 

OS-i-0( =oS...o/ S/ 

0 \cH3 0 \cH3 0 \0CH, 

and Ob + 0< = OS . . . 0< s/ 

0 \c,H, 0 \aH, 0 \oo,H, 

correspond to the production of the following compounds : 

lirAl + 0( = BrAl . 0^ ' 

Br \C,H, Br \c.H, 

Cl.Sb + 0 / ■ ' = ChSb . 0 / 

^C,H. \C,H, 

All these compounds, therefore, should be considered as esters 
of halogenhydroxo acids. After the discovery of oxonium salts a 
great many compounds of this description were prepared, and 

sallr'''^’ formulated as oxonium 

The supposition that in these compounds we are dealing with 

to ravalont oxygen is impo.ssiblo according to my theory. This 

will be made clearer when discussing the oxonium theory. Before 

leaving t is part of the subject, it may be pointed out! that it is 

possible for organic sulphur and selenium derivatives to form 

addition compounds in a manner exactly analogous to organic 
oxygen compounds, ^ organic 

(C,H5),S . HgCl,, (C.,H,XS . HI,,, (aH,).,S . TiCI 

2[(C.,H,),S]PtCl„ 2[(C,H,),S[PtBr„ (CH 3 j,,S . ZnBr, 

2[(CH3),S]PtCl, 

(..) c™,, a,:,!, 

(^omyomds. 

In the foregoing sections it has been shown that th„ f 
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selenides, cyanides, thiocyanides, nitrates, sulphates, nitrites, 
sulphites, etc., follow exactly the same laws, and that the organic 
derivatives of water, sulphuretted hydrogen, etc., may likewise take 
part in the formation of compounds of the higher order. 

But the consideration of the latter compounds led us into the 
province of molecular compounds. We therefore are compelled to 
conclude that in principle there is no difference between oxygen 
salts, halogeno salts, and molecular compounds. The properties of 
the individual compounds may be widely different, but from the 
similarity in their method of formation and constitution it must be 
deduced that they are all compounds of the higher order. 


2 . The Substitution Compounds. 

(a) Substitution Hydrates. 

1. Normal Hydrates. 

Blany metallic salts form hydrates with six molecules of water, 
as may be seen from the following examples : 

[Ni(OH„)c]CL, [Ni(OH,)„]l2, [Ni(0H,)J(N03)2, [Ni( OHOJlClOs)^, 

[Co(OH3)JC1„ [Go{OR,%](C\ 0,}„, [Co(OH,)J(Br03)3, [Oo(OHi)c]SA. 

[Zn( 0 H,)J(N 03 ).„ [Zn( 0 H 3 )c](C 103 ) 2 , [Zn(OH,)o](Br 03 )« 

[Mg(OH3)„]C4, [Mg(OH,)3]Br3, [Mg(0H3)J(Br03)„ 

[Mg( 0 H.,) 3 ]( 0 I 03 ) 3 , [Ca(OH3)a]Cl3, [Ca(OH3)3](I03)3, [Sr(OH3)o]Cla 

[Sr(OH3)3]Br3, [Fe(OH3)3]Cl3, [AI(OH3)3]Cl3, [Al(OH3)o]Br3, 

[Al(OH3)3]l3. 

It is noteworthy that many of these hydrates contain the maxi- 
mum number of water molecules known for the salt in question, 
and further, all the acid residues have ionogene properties. It is 
probable, therefore, that their constitutions are similar to those o 
the hexammine metallic salts ; the latter will be discussed later. 
This supposition finds considerable support in the fact that com 
pounds can be prepared which contain both water and ammonia, 
and have properties which show them to be compounds intermediate 

between the hydrates and the metal ammonium compounds. 

We assume, consequently, that in the hexahydrates we have 
salt-like compounds, in which the positive radicle consists of a 
complex containing the metal and six molecules of v ater. 

The six molecules of water are linked, according to our theory, 
directly to the central metallic atom, and the acid residues aie m 




the second sphere. If this conception of the constitution of the 
hexahydrates is correct, then it is to be expected that the acid 
residues, in hydrates which contain less water, will be linked with 
non-ionogene linkings. The experimental confirmation of this 
deduction is very difficult, since most of the lower hydrates on 
solution pass very rapidly into those richer in water. Hence the 
behaviour of the lower hydrates only very rarely can be examined, 
but in a few instances it has been found possible to prove the truth 
of our theory. 

In the blue hexahydrate of chromium chloride, CrCl^ -f fiHoO, 
all the chlorine atoms have ionogene properties, and this hydrate is 
correctly represented by the formula [Cr(H._.0)fl]Cl,. On losing 
two molecules of water it is transformed in a green hydrate, 
CrClj -i- 4ILO, which on solution only slowly passes into the blue 
hydrate. It is possible, therefore, in this case to show that in the 
change from blue to green hydrate two chlorine atoms lose tlieir 
ionogene character. 

Bjerrum * was able to prepare a chloropentaquochromchloride in 
which one chlorine atom had no ionic character. Weinland and 
Schumann - also have been able to prepare chloropentaquochromium 
sulphate and sulphonate in which the chlorine atoms are unable to 
act as ions. In the different hydrates of chromium bromide 
different numbers of bromine atoms are ionizable, thus in the blue 
hydrate all three appear as ions, while in the green hydrate only 
one has this property. Finally, Weinland^ has desci'ibed and 

SO 

prepared a sulphatopentaquocliroraiumchloride, f Cr'^,^ Ici, in 

L (OH2)Q-i 

which the presence of sulphuric acid could not be detected by 
analytical reactions. 

From these examples it is evident that in the chromium salts, at 
any rate, it is now possible to show a connection between the 
so-called water of crystallization and the acid residue, and it is 
natural to expect that this will also be possible when the hydrates 
of other metals are examined. 

‘ M^moires dc V Ac, Royale des. Sc. et des hettres de Danemnrk, 4, 1 (1907). 

> Der.,^0, 3091 (1907). 

> GJum. Zeit., 32, 259 (1908). 
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2 . Hydrates containing Double Molecnles of Water. 

Co-ordination formulae oflFer a satisfactory explanation for the 
constitutions of all known metal ammonium compounds. On the 
other hand, a great many hydrates exist for which the ordinary 
co-ordination formulae offer no satisfactory explanation, because 
they contain considerably more water than is to be expected from 
the theory. Thus, it is found that those hydrates which are richest 
in water, contain not six but twelve molecules, e.g. the alums : 
Me"‘(S04)oR' -|- I2H2O. Since potassium and ammonium salts are 
seldom hydrated (and when they are they contain at the maximum 
one or two molecules of water to a potassium atom or ammonium 
radicle), it follows that in the alums the presence of twice six 
molecules of water presents a new type of hydrate. This supposition 
is supported by the fact that other hydrates are known in which 
the amount of water present is twice that in the simple hydrates. 
This is true of the following hydrates : 

[Mg(OH2)JPtCl„^ [Mn(OH2),,]PtClo,' [Ca(OH2yPtBr«,^ 

[]\Ig(OH2),3]PtBre/ [MnOH2),2]PtBro,> [Co(OH3)JPtBr«, 
[Zn(OH2),2]PtBre,^ [Ca(OH3),JPtI«,^ [Mg(OR,\,]{AuC\,yj 

[Zn(OH2),2](AuCl4)2," [Mn{OU,\,]{AnC\,),.^ 

Now when we recall the fact, that in the liquid state water 
molecules are associated in pairs it seems quite a probable thing to 
suppose that they are also associated in these hydrates. Accord- 
ingly these abnormal hydrates owe their existence to the addition 
of polymerized molecules of water to the central metallic atom, and 
their constitutions may be represented as follows : 

[A1(HA)6]S0,R, [Mg(H,02)e]PtCle, [Ca(H,02),]PfcBr„, 

[Mn(Hj02)6](AuClj)2, etc. 

This supposition renders it possible to ascribe co-ordination 
formuliB to even those hydrates which are richest in water. We 
have, however, no means of deciding how a lower hydrate is derived 
from hydrates containing six or four double molecules of water. It 
may be that the double molecules, as such, leaves the complex, or 

1 Dammer, Handh. anorg. Ghent., III., 799. 

* BonsdorS, Pogg. Ann., 17 , 261 (1829); 33, 64 a834). 
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that the double molecule breaks down into the simpler, and in this 
way reduces the percentage of water present. But these are 
questions for the future to decide, for the present it is impossible to 
systematize these hydrates. 


3. Hydrates containing Water hound to both Radides. 

The chemistry of the hydrates is further complicated by other 
phenomena. For hydrates exist in which it is very probable that 
only part of the water is in combination with the metallic atom, 
the other part being bound to the acid residue. This appears to bo 
the case in the sulphates, for they crystallize differently to the 
other salts of the metal in question, i.e. they crystallize with seven 
instead of six molecules of water. Since it is difficult to see why 
the metallic atom in the sulphates should combine with seven 
molecules of water and not six, as in the salts, it seems probable 
that the seventh molecule is in combination with the sulphate 
residue. Support is given to this idea by the fact that the 
introduction into the sulphate molecule of a metallic atom or 
radicle which themselves yield anhydrous sulphates, so changes the 
functions of the sulphate radicle that it can no longer take up the 
seventh molecule of water. Thus, both potassium and ammonium 
yield anhydrous sulphates; now if either of these radicles are 
introduced into a sulphate containing seven molecules of water the 
resulting salt crystallizes with only six water molecules, and we 
obtain the series Me(SOjR 2 )o + GH.^O. 

Other phenomena also point to the conclusion that the seventh 
molecule is differently bound to the remaining six. Thus, the 
value for the aqueous tension of the water of crystallization i^ the 
sulphates of magnesium, nickel, and cobalt show that the seventh 
molecule is weaker bound than the others. Finally, it can be 
shown that in other salts, which crystallize with seven molecules of 
water, the seventh molecule belongs to the acid radicle. 

Just the same difference as that observed between sulphate^ 
and other salts of divalent metals : 



+ NiCl, + CHA MnCl, + GIIA 

CoSO. + 7H.,0, ZnSO. + 7HA NiSO. + 7 H 2 O, MnSO. + 7H.O, 

is to be seen in the following salts ; 
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1. Salts containing six molecules 0 / water: 


Zn(SiFe) + 6 H 2 O,' 

Zii(TiFe) + 6H,0,^ 

Zn(^Mop^) + 6H2O.’ 

Mg(SiF,) + 

Mg(SiFe) + 
Mn(SnCl,) + GHoO,'® 

Co(SnCle) + 6H.,0,*’ 

Mi(SnFe) + GH^O,^ 


Zn(SnFe) + GH^O,^ 
Zn(ZrFe) + GH^O.^ 

Zn(Mop“) + 6H,0,» 

Mg(SnF,) + GH,0,” 
Mn(SiF„) + GH^O ,» 
Mn{TiFe) + GH^O," 

Co(^Mop^) 4- GH^O,®' 

Ni(SnCle) + 6H,0,^ 

Ni^Mop") + 6H^0.25 


Zn(SnCl5) + GH^O,* 
Zn^NbpJ + GH,0,' 

Cd(SnF,) + GH.O,'* 

Mg(SnCle) -f 6H,0,^^ 
Mn(SnFe) + 

Co(SiF6) + eHgO,'® 

Ni(SiF,) + 6H20,2 i 

Ni(ZrF«) + 


‘ Marignac, Ann. Min., (5) 15, 256: Jahresber., 1859, p. 108. 

^ Marignac, Ann. Chim. Phys., (3) 60, 257 ; Jahresber., 1860, p. 139. 

^ JIarignac, ibid. 

* Marignan, ibid., (3) 60, 304 ; Jahresber., 1860, p. 98. 

® Marignac, ibid., (3) 60, 257 ; Jahresber., 1860, p. 139. 

« Marignac, ibid., (4)8, 41 (1866). 

^ Fr. Manro, Zeitsch. atiorg. Chem., 2, 25 (1892). 

® Delafontaine, Arch. Sci.phys. nat, 30, 240(1855). 

® Marignac, Ann. des. Min., (5) 16, 256 (1859). 

Marignac, ibid. 

“ Marignac, ibid. ; Jahresber., 1859, p. 112. 

** Jorgensen, Vanske Vid. Selsk. Skr.,(5) 6 (1865); Lewy, Ann. Chim. 
Phnfs., (3) 16, 308(1846). 

Marignac, Ann. Chim. Phys., (3) 60, 288 (1860) ; Topsoe and Christiansen, 
Danske Vid. Selsk. Skr., (5) 9, 648. 

“ Marignac, Ann. des. Min., (5) 15, 221 (1859). 

** Jorgensen, loc. cit. 

Damnaer, 2, 593. 

” Grailich, Krystall. opt. Vntersuch., 76 (1858); Topsoe and Christiansen, 
Danske Vid. Selsk. Skr., (5) 9, 648 ; Ann. Chim. Phys., (5) 1, 25(1874). 

** Jorgensen, Danske Vid. Selsk. Skr., (3) 6 (1865). 

*® Delafontaine, Arch. Sc. phys. nat., 30, 240 (1855). 

2® Berzelius, Po(7j. Ann.,1, 198(1824); Marignac, Ann. des. Min., (5) 16, 

262 (1859). 

Marignac, Jahresber., 1859, p. 112. 

** Jorgensen, Danske Vid. Selsk. Skr., (5) 6. 

Marignac, Jahresber., 1860, p. 137 ; ^nnaZew, 116, 359 (1860). 

2^ Delafontaine, Arch. Sci. phys. nat., 30, 1240 (1855). 

23 Petersen, J. pr. Chem., (2) 40, 52 (1889), 
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2. Salts containing 

seven molecules of water : 

o 

o 


Co(CrF5) 4- 

Co(VF,) + 7Hp,= 

1 + 7HA^ 

Ni(CrF,) + 7H,0/ 

Ni(VF,) + 7H,0,» 


1 + 7HA,' 

Zn(VP,) + 7HA’ 

Zn(^v5^) + 7H,0,* 

z.(v°) 

1 + 7H,0,« 

Cd(VP,) + 

Cd(^VpJ + 711,0” 



* Dammer, 3, 713. 





* Picoini and Giorgio, Atti E. Accad. dei Lincciy Roma, 1890, 11. Sem., 
pp. 130-132. 

® Petersen, loc. cit. 

* Dammer, 3, 713. 

* Piccini and Giorgio, Atti B. Accad. dei Lincei, Rojm, 1890, II. Sem., 
pp. 130-132. 

« Ibid. » Ibid. • Ibid. » Ibid. »<> Ibid. “ IHd. 


Since the constitution of the acid radicle of the potassium and 
ammonium salts containing one molecule of water corresponds to 
those containing seven : 



» Ghristensen, J. pr. Chem., (2) 36, 161 (1887). 

* Piccini and Giorgio, Atti R. Accad. dei Lincei, Roma, 1890, II. Sem., p. 130. 
» Baker, Ber., 11, 1722 (1848). 


it follows that the acid radicle is co-ordinatively saturated, and the 
complete constitutional formul® for compounds containing seven 

molecules of water of crystallization described in the above list are 
to be written : 
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These formulae are in satisfactory agreement with the suggested 
division of the seven water molecules in the sulphates^ 

From these considerations the conclusion is to be drawn that 
when ascribing the constitution to the hydrates the water molecules 
must be divided between both basic and acidic components. 

Before concluding this section, attention may be drawn to the 
fact that starting from quite a different standpoint Kurnakow^ 
came to the conclusion expressed above. Since the hydration of 
certain elements— copper, cobalt, nickel— is accompanied by a 
change of colour, it is possible in many cases to decide whether the 
water has been taken up by the acid residue or not. Thus, it is 
inferred from the reddish-brown colour of lithium copper chloride, 
CuClg + LiCl -f- 3 HoO, that all the water is linked to the lithium, 
whereas in potassium copper chloride, CuClg + KCl + 2H2O, which 
is blue, the water must be bound to the copper. 

(b) SxihsiUuiioxt Compounds formed hy Organic Oxygen Compounds. 

We have already seen that not only water, but also organic 
oxides are able to take part in the formation of addition compounds, 
and it therefore appears probable that they will also be able to 
take part in the formation of substitution compounds. 

The work of Mentschutkin confirms this assumption, for ho 
prepared from the most varied organic oxides the following 
compounds : 

(a) Compounds with alcohol : 

[Mg(CH 3 • OH)JCl3, [Mg(C3H30H)JC]3, [MgCC^H. • 

(J) With acids : ^ 

[Mg(H • COOH)„]Br3, [Mg(CH3COOH)JBr3, 

[Mg(CH3 • COOH)3]l3, [MgCC^H.COOH),]^, [Mg(C3H, • COOH)l3, 

[Mg[(CH 3 ) 3 CHCOOH] 3 ]l 3 . 

(c) With esters : ^ 

[Mg(C 2 H 30 ,CH 3 )JI„ [Mg(C2H302C3H,)e]r2, 

[Mg(C2H30AHo(iso)JL, [Mg(G,B, 0 ,C,H,fi 3 o)JI,. 

1 Ghem. ZeiU 30, 129 (1906); Zeitsch. anorg. Chem., 64 , 87 (1907). 

2 Chem. Zeit., 29 , 788 (1906). 

* The following constitutional formula appears to me to be the most 

nrobable one for these sulphates : 

^ -OH 

[Me(OHJ.] \ 

•SO^H 

* Zeitsch. anorg. Chem., 17, 205 (1898). 
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(d) With ketones : ^ 

[Mg(CH3COCH,)Jl2. 

(c) With urea : 

[CaCOCN^HOJCNO^)^. 

' Iswestija d. Petersb. polyt. Inst.^ 6, 39 (1906). 

To this list are to be added the compounds discovered by Sell ^ 
and which were examined later by Kalkmann and me,^ i,e. the 
chromium salts of urea : 

[Cr(OCN3H3)3]X3 

It should be noted that there are many compounds described in 
the literature which contain four organic molecules in the complex. 
However, at present it is impossible to decide whether these 
complexes are addition or substitution compounds, and hence they 
are omitted from the present discussion. 

It is important, however, to notice that in spite of having taken 
extraordinary care and trouble Mentschutkin was unable to prepare 
a complex which contained more than six molecules of an organic 
oxide, and this is all the more important when it is remembered 
that the behaviour of hydrates is much more complicated. 

(c) Suhstitution Compounds containing Metallic Hydroxides. 

When discussing addition compounds the hydroxo salts were 
considered, and it was seen that they were formed with particular 

/OH 

ease from such compounds as Me^ , and neutral salts according 

\OH 

to the equation : 

X. HO. X. .HO. 

Me + Me = Me Me 
X* HO* X* -HO* 

Since in these addition compounds one molecule of the dihy- 
droxide plays the same rdle as two molecules of water in the hydrates, 
so is it to be expected that complex compounds having the general 

formula |^^®(jjQMe^ jXg could be prepared from the hexahydrates 

[Me(OH,)JX, were complete substitution of the water molecules 
possible. An examination of the basic metallic salts revealed the 

* Jahreaber., 1882, p.382. 


2 Annalen, 322, 302 (1902). 
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fact that such a group does exist, and it is proposed to call 
them “ hexol salts.” Since I have already made a list of these 
compounds/ it is unnecessary to discuss them here. 


(d) SuhstitiiUon Compounds formed loitli Suhstituted Hydroxo Salts. 
The formula of the hexol salts : 


[ 


Me(gQMe 


).] 


leads us to expect that the hydrogen of the hydroxyl groups can 
be replaced by other radicles ; in this way compounds with the 
following general formula are obtained : 

RO 






)J 


X, 


where R is the substituting radicle. When R becomes an acid 
radicle, we obtain the formula of a peculiar type of complex salts 

in which the three salt molecules Me assume the functions of 

• OR 

the dihydroxides in the hexol salts. Such complex salts exist in 
great numbers, and some of the classes play a very important 
role in mineral chemistry. I should like, in order to point out the 
importance of this type of complex salt, to draw attention to two 
groups, the first of which is purely of chemical interest, and 
the second derives its importance from the standpoint of mineral 
chemistry. The groups referred to are the groups of Schweinfurt 
greens and the Apatite group. In the former compounds R = AsO, 
and in the latter R = POgMe, AsOgMe or VOgMe, and they con- 
sequently have the formulae : 


r /OAsO\ -] r 

/OROgMe\ 1 

Mel >Me ) Xg and 

Mel >Me j 

L \OAsO/J L 

VOROgMe/J 


The number of these compounds is very large, as may be seen 
by referring to my communication.^ 


1 Ber,, 40, 4442 ( 1907 ). 
* Ibid., p. 4447 . 
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3. Compounds of Higher Order containing Nitrides, 

Phosphides, etc. 


1. Addition Compounds. 


(a) Double Nitrides, 

Up to the present only a few nitrides are known in the pure 
condition, e,g, magnesium nitride, those of the alkaline metals and 
alkaline earths, etc. Still fewer double nitrides are known. Some 
amido- and imido-compounds of the elements can be considered 
as double nitrides. Such compounds have undergone thorough 
examination in the last few years. The following may be cited as 
examples : 


B(NH,)„' B,(NH )„2 As(NH 2)„» SiN„H, 

Ba(NH,)„’ NaNH,^ LiNH^.’ 


1 Joannis, Compt. rend.^ 135, 1106 (1902). 

= Joannis, ibid., 189, 364 (1904). 

^ Hugot, ibid., 139, 54(1904). 

* Joannis, ibid., 139, 364 (1904). 

® Vigouroux and Hugot, loc. cit., 136, 1670 (1903). 
« Stock, Ber., 36, 1120 (1903). 

^ Mentzel, Compt. rend., 136, 740 (1902). 


In the group of nitrido salts derived from hydrazoic acid, one 
is known ; it is formed by the union of thalli- and thallanitride ; 

N3\ rN3. -I 

N 3 -^T 1 + N3TI = N34TI— N3 Tl 8 

l^/ \ 

" Dennis, Doan and Gill, J. Amer. Soc., 18, 970 (1896). 

An interesting group of complex salts, which possibly may be 
considered as nitrido salts, may be prepared from imido acids. 

L. Tschugaefi*^ has shown in the case of copper and nickel 
succinimide, and H. Ley and F. Werner ^ in the case of the copper 
salt of camphoracidimide and copper phthalimide, that these salts 
are able to combine with two molecules of alkaliimide to form 
complex salts of the following general formula : 

[MeIm4]R2 
' Bet., 40 , 1978 (1907). 


* Ibid., p. 706. 
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The following complex salts of this class have been described : 

[CuSuJKg -f 6H2O, light reddish- violet ; [CuSuJNag + SHgO, blue; 
[CuSuJRbg + 2 2O, reddish- violet ; [CuSuJLi + HgO, 

ultramarine-blue ; 

[CuSu^JCs -f 2H2O, red-violet ; 

[GuCphJKaj red-violet ; [Cu(Pht)JK2 + red- violet. 

Tschugaeff and also Ley have pointed out that the akali- 
biuretcopper compounds, which cause the biuret reaction, also 
belong to this class of compounds. 

Double cyanides, the cyanide residue of which is linked to the 
central nitrogen atom, are also to be formulated as double nitrides. 
It appears, however, from the work of Hofmann and Bugge ' on the 
behaviour of nitriles and carbilamines that in most double cyanides 
the cyanide residue is bound to the central metal atom by carbon. 
In agreement therewith it has been found that carbylamines result 
from the action of alkylhalides on the silver and lead cyanides. 

Franklin and Fitzgerald ^ have prepared lately a group of salts 
— the amido salts — which bear to the nitride salts the same 
relationship as the hydroxo salts do to the 0x0 salts. Only two 
members of this group are known at present, Le. tetraamidozincoate 
and hexamidostanneate of potassium : 


mN. 

• NHq 


.NHJ 


Zn 

Ej and 

Hjsr. 

Sn.NHs 

K. 

H,N- 

•NH,. 

Lh^. 

• NH, 



The latter compound brings out very clearly the complete 
analogy between it and the corresponding hydroxyl compound of 

tin : 

[Sn(OH)e]K2, [Sn(NH2)fi]K2 

On heating the amido salts change into imido and nitrilo salts, 
but as yet their properties have not received a thorough examination. 


(b) Compounds formed by the Addition of Ammonia to Oxides and 

Sulphides. 


Ammonia, acting as a nitride, can take part in the formation of 
compounds of the higher order in the same way as halides and 
oxides. It combines, therefore, with oxides, sulphides, etc. 


1 Ber.y 40, 1772 ( 1907 ). 

* J. Amer. Soc., 29 , 667 , 1274 , 1693 ( 1907 ). 
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The analogy existing between such addition products of 
ammonia and those compounds which we have dealt with already 
is made clear through the following formulae : 

O3S.OH2, O3S.CIH, O3S.NH3 


Although there can be no doubt that the nitrogen of the 
ammonia is bound directly to the central atom of the oxide molecule 
in the compounds resulting from the addition of ammonia to oxides, 
yet the process by which this addition is brought about is very un- 
certain, because the constitution of the final products give us no 
information. To be sure, it appears as if the step was one of 
addition, the resulting product then being transformed into a 
valency compound : 


O O 

OS 4- NH3 = OS . . . NH3 

o 0 

0 o 

C + NH3= C...NH3 
0 0 


0 /OH 
O 

/OH 

00 / 

^NH 


but it is impossible to prove this assumption. 

This difficulty is not removed by the fact that tertiary amines, 
in which such a transformation is impossible, form addition- 
products in a similar way : 

O .CH3 O /CH3 

OS -h Nf CH3 = OS . . . Nf CH3 

O \cH3 O \cH3 

because it is possible to give such compounds a valency formula by 
supposing that nitrogen becomes pentavalent : 


O 


CH 


OS . . . NeCH 3 
O \CH 


0 /O 
O \ 


'N(CH3)3 

On the other hand, when the phenomena connected with forma- 
tion of ammino-compounds (discussed in the next section) are con- 
sidered, It wiU be hardly possible to doubt that the first stage in 
the formation of acid amides consists in the mutual saturation of 

the auxihary valencies of nitrogen and the central atom of the 
oxide. 

^e compounds produced by the action of ammonia on oxides 
can he considered as mixed salts resulting from the action of the 
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oxygen acids upon the as yet unknown nitrido acids. The 
numbers of representatives of this group are small. Amongst the 
halogen acids such compounds are quite unknown, and in the oxygen 
group only two well-defined examples are known : 




and 



In the nitrogen-group the first member forms the compound 
OgN . NHo, and phosphorus provides us with an immense number 
of compounds resembling acid amides. The work of Gladstone and 
Holmes ^ and also that of Stock ^ has made us well acquainted with 
the latter compounds. Stokes® has prepared a series of polymeric 
compounds called the polymetaphosphine acids, NP(OH) 2 . 

Derivatives of carbonic and thiocarbonic acid which resemble 
amides are also known. Well-defined compounds are given by the 
union of ammonia and amines with chromium tetroxide, e,g, 

O2 O2 O2 

OCr(NH,)3, OCren + SHsO, 

0 0 0 


while Rosenheim and Jacobsen® have described and prepared the 
following compounds : 

CrOg.SNHg, M0O3.3NH3, WO3.3NH3 

Lastly, osmium gives us osmiam acid, the constitution of which 
Dinklage ® and I have shown to be represented by : 

(o.“>)h 


(c) Ammino Compounds formed hy Addition. 

Ammonia and amines form addition compounds with the most 
varied metallic compounds. The simplest compounds of this class 
are those in which the acid residue is linked to the metal by non- 
ionogene bonds, because in such cases it is possible to show that 

» Trans., (2) 2, 225 (1864) ; 3, 135 (1865) ; 4, 290 (1866) ; 6, 64, 261 (1868) ; 
7, 15 (1869). 

* Ber., 39, 1967 (1906). 

3 Zeitsch. anorg. Chem., 19, 38(1899). 

* Hofmann, Ber., 39, 3181 (1906). 

* Zeitsch. cmorg. Ghem., 50, 297 (1906). 

« Ber., 84, 2699 (1901). 
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the addition of ammonia or amines cannot be explained by the 
doctrine of valency. This is the case in the following addition 
compounds of platechloride, platochloride, and cobaltinitrite : 



All these compounds in aqueous solution conduct electricity so 

badly that it is impossible to suppose that the acid residues are 

present as ions. This conclusion is confirmed by the fact that the 

presence of chlorine and nitritous acid cannot be proved by 

analytical reactions. Consequently we must conclude that the 

entrance of ammonia in the molecule has been without efiect upon 

the linking of the acid residues. The only possible explanation is 

to assume that the ammonia molecule is linked to the metallic 

atom by auxiliary valencies. A list of such addition compounds is 

given below, and it will be seen that the composition of these 

compounds brings out very clearly the co-ordination number of the 
metallic atom in question. 


FjB.NHs,! (CH3)3B . NH3,2 (H3C2)3B . NHj," FjB.NCCHj,^ 


(CA)|g^ 2CeH,NH3,‘ . 2C,H3NH3,^ 

2 C.H„NH 3 / 


Ol.SnPya* Br^SnPyai^ 

Cl.Sn(NCCH,) 3 ,» 

Cl.Ti(NCCH 3 )„» 

Cl^SbCNCCHp),' 

Cl.Pt(NCC3H3V 




Cl.Sn(NCC 3 H,) 3 ,» 

Cl.Ti(NCC. 3 H 3 ) 3 ,' 

Cl, 8 b(NCC 3 H 3 ),'> 

Cl 3 Au(NCCH,),» 


Cl.Sn(NCC 3 H 3 ) 3 ,= 

Cl.Ti(NCC 3 H.X„» 

Cl^SbCNCC^H^),' 

Cl 3 Au(NCC 3 H 3 ),' 


‘ Davy, Phil. Trans., 1812, p. 368. 

’ Prankland, Annalen, 124, 129 (1862) 

’ Patein, Ber., 24, 734 (1891). 

• Hnnko' Pfsifiati Zeitsch. anorg. Chem., 17, 82 (1898). 
Henke, Anmalen^ 106, 280 (1858). '' ^ 


L 



146 NEW IDEAS ON INORGANIC CHEMISTRY 


NO 1 01 1 SON 2 

CH,N)3Co"^^’ (H3N),Co^]q^, (H,N)3Co“^" , 

[(H3N)3Co]4^®^>^' jj®“Co(N03)3,^ 


(H3N)3CoCl3,^ (H3N)3PtCl3,« (NH3)3PtBr3,« 

(NH3)3PtI„'> (NH 3 ) 3 Pt(N 03 )„« 

Py3CrCl3,’ Py^PtX^,* Py^PtX^,* Ir^NO^v” 

^ Werner, Zeitsch. anorg. Chem.^ 15, 164 (1897). 

2 Werner and Bindschedler (Bindschedler, Disscrtatioyi^ Zurich, 1901). 

^ Wiede and Hofmann, Zcitsch. miorg. Cheni., 11, 379 (1896). 

* Werner and Grun, Ber., 38, 4003 (1905). 

^ Werner, Bcr., 39, 2673 (1906). 

® Cleve, Kong. Vet. Akad. Handl., 10, No. 93, pp. 41, 63 (1871). 

' Pfeifier, Zeitsch. miorg. Ghem.y 24, 282 (1900). 

® Hedin, Om pyridinens platmabasers, p. 8 (1887); Jorgensen, J. pr. 
Cheni., 33, 504 (1886). 

° Werner and de Vries, Amialen, 364, 9 (1909), 

Cobalt compounds with a-Dioximes.' 

(a) Derivatives of dimethylglyoxime : 

H3NCogf®^' H3NCog=^^ H3NCof* H3NCo5^(J, 


PyCog* PyCof^^S 

PyCogA PyCoW 


PyCo 


D 2 H 0 


NO 2 

Isoch. Co 




DgH. 

SCN 


DoH* « DoH 


Cl 


Acr. Coq? 


(5) Derivatives of methylethylglyoxime : 

H3NCo^^®^ I’yC°SCN‘ 

(c) Derivatives of methylglyoxime : 

Determinations of electrical conductivity have been made of the 
following compounds, and it has been shown that they conduct so 
poorly that it is impossible for them to exist in solution as ions. 

PtgJH.).; p^nh,).; ■ H^oogA,’ 


'CI 4 


’NO, 


„ „„ D 3 H 3 » „ D 3 H 3 “ T iN03)3 " 

HsNCog^^, HjNCoj^ S ^'^(NH3)3- 


‘ Werner and Miolati, .2'ei^scfe. physikal. Chem.y 12, 35 (1893) ; 14, 506 (1894) 
® Tsohugaefi, Ber., 39, 2692 (19(^). 

® TschuaeS, Ber.y 40, 3499 (1907). 

Werner and de Vries, Annalen, 364, 9 (1909), 
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(d) AMiiion Com'pounds formed with Phosphides, Arsenides, etc. 

Phosphine, arsine, etc., form addition compounds analogous to 
those formed by ammonia and amines. 

The following list affords examples of these compounds : ' 

PtCh . 2P(C2H,)3, PdClj . 2P(C2H3)3, AuCl . 2P(C3H,,),, 

PtCl^ . 2 As(C 3H,)3, PdCl 3 . 2As(C 3H3)3, AuCl . As(C. 3 H 3 ) 3 , 

PtCla . 2P(CH3)3, PdCla • 2P(CH3)3. 


The addition compounds which are formed by phosphorus 
trichloride and arsenic trichloride with certain salts of the noble 


metals are very peculiar. Examples of these are ; 
».p. . PCIJ.. 5 tJ.Pt P'=l 



ipci!-“ (f’l.Pt). ■ pcv ci.pd.poi ^ 


2PC1 

^W<2AsC] 3>’ CJ3lr(PCl3)3,<- C]3lr(PCl3)3, 

Cl3lr(PCi3)3,* Br3lr(PBr3)3.» Br3lr(PCl3)„,« 

CIAU.PCI3,’ BrAu.PBr 3 ,’ BrAu . PCy 


* Schufczonberger, Compt. retid., 70, 1287 (1870). 

Schatzenberger and Fontaine, Bull. Soc, Chim., (2) 17, 482 (18721 • (21 
18, 101, 148 (1872). '' * 

* Schatzenberger, Ber., fi, 222, 635 (1872). 

* Pink, Co7npt. rend., 116, 176 (1892). 

® Geisenhoimer, Compt. rend., 110, 40, 1004, 1336 (1890); 111, 40 (1890), 

® Geiflenhoimer, Ann. Chim. Phys., (G) 23, 249 (1891) 

^ Lindet, Compt. rend., 98, 1382 (1884); 101, 164 (1885). 


These compounds are important, because their chemical behaviour 
opens up their constitution very distinctly. On the one hand 
alcohol and water are without action on the chlorine atoms 
attached to the metal ; but on the other hand, it is well known that 
these reagents replace the chlorine of phosphorus and arsenic by 
hydroxyl, or alkyloxyl groups. Hence on the solution of these 
compounds in water or alcohol the following reactions take place : 

and + 6HC1 

[CljPt . PClj]^ + 6HOR = [Cl^Pt . P(0R)3]3 + 6HC1 

In the same way, water attacks the compound Cl 3 Pf and 

. PCly 

• OahouTB and Gal, Compt. rend., 70, 849, 1380 (1870) ; 71. 208 (1870). 
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yields a hexabasic acid to which the following constitution must be 


given : 


Cl 


Pt< 


OH 

\OH 


Cl 


\ /OH 
>^OH 
\OH 


Rosenheim and Lowenstamm ^ have studied platinum compounds 
of this type. Their work has led them to the conclusion that the 
phosphortrichlorplato chlorides are completely analogous to the 
platinum ammonium compounds, and also that the existence of 
trivalent phosphorus in these compounds must be considered as 
proved. 

To the same class of compounds also belong the copper halides 
of the esters of phosphorous acid which Arbusow ^ prepared. They 
have the following constitutional formulae : 

XCu.P(OR), and XCu ' 


Since these compounds are produced by the direct addition of 
the components, it is perhaps not superfluous to draw attention to 
the analogy which exists between them and the alkylhalide addition 
compounds prepared by Michaelis and Kaehne ® : 



The only difference which exists between both reactions is that 
the iodine, in the methyl iodide addition product, has ionogene 
properties — the result of the occupation of all the co-ordination 
positions on the carbon atom. 


2. Substitution Compounds. 

(a) General. 

When a compound which is co-ordinatively saturated takes up 
more ammonia, then for every additional molecule an acid residue 
passes from a direct into an indirect linking, thereby receiving 

* Zeitsch. anorg. Chem.j 37, 394 (1903). 

? 5er,, 38, 1171 (1905). Ber., 31, 1048 (1898). 
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ionogene properties. To demonstrate this behaviour let us consider 
the co-ordinatively saturated compounds (OoN)3Co(NH3)3 and 
Cl4Pt(NH3),. 

When ammonia acts on (H3N)3Co(N02)3 the following compounds 
can be obtained : 

(H3N)3 Co(N 02)3 -f- NH3, (H3N)3 Co(N02)3 + 2NH., 

(H3N)3Co(N02)3 + 3NH3. 


In these compounds each molecule of ammonia as it enters the 
complex expels a NOa-group from the first into the second or 
dissociable zone. The properties of these compounds are represented 
therefore by the constitutional formulae : 


NOal 

(H3N)3 Co^N 02 NOa 

NH3J 


NOa 

(H3N)3Co^.NH 

/NH3-|NOa 

TJTT Into 

2 


NO. 

NO 


(H3N)3Co;:' -NH3 NOl 

\NH3jNOa 


The characteristic properties of these substitution ammino-com- 
■plexes not only find expression in their chemical behaviour, but also, 
as has been mentioned already, in their electrical conductivity. 

More than three molecules of ammonia are never taken up, and 
hence the formation of these complexes is complete when all six 
co-ordination positions are occupied by ammonia. The co-ordi- 
natively saturated compound (H3N)aPtClj displays a completely 

analogous behaviour, for the substitution of ammonia produces the 
following compounds : 


(H3N),PtCl, + NH3, (H,N),PtC4 + 2NH3, (H3N)3PtCl3 + 4NH3 

And since the entrance of ammonia confers ionongene properties 

upon the chlorine, the following structural formula give expression 
to these difierences : 


,-nh 

(H3N),Pt'<^} 


\CI 

\ci 


Cl 


/NH,-, 

(H^N^PKgH^ 

" Cl -> 


Cl 

Cl 




.NH 

'''NH3JC1 
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These changes can be followed in the increased electrical con- 
ductivity of these compounds. The composition and behaviour of 

such compounds can be expressed by the following general formulae : 

(a) divalent elements : 


[Me(NH3)JX, [Me(|jj^)Jx 


(b) trivalent elements : 


[M.(NH.)JX. 


(c) tetravalent elements : 


i:m,(nh.ux. 


These type formulm are of great importance to the systematics 
of substitution ammino-complexes, and the following nomenclature 
is proposed for these compounds. 


(b) Nomenclature} 

1. Names obtained from the colour of the compounds are to be 
avoided. 

2. The name of the resulting complex is to be made up by 
placing side by side the names of the components. 

3. The names of the atoms (or radicles) which are linked to the 
central metallic atom are to be placed before the name of this 
central atom. When carrying this out the following order is to be 
preserved : The names of the acid residues come first, then follow 

\ the names of the groups which resemble ammonia, and directly 

1 before the name of the metallic atom are to be placed the number 
of ammonia molecules. 

4. The molecule of ammonia is to be expressed by the word 
ammine (spelt with a double m), in order to distinguish it from the 
organic amine. Water, after Palmaer’s suggestion is expressed by 
aquo. 

5. The names of the acid residues which are not in the first 
binding zone are placed after the name of the central metallic 

I atom. 


1 Zeitsch. anorg. Chem.j 14 , 21 ( 1897 ). 
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Examples of these rules are — 


[Cr(NH3)J(N0,)„ 

j^^QCoeuajBr, 




Hexamminchrominibrate ; 

Chloronitritodiethylendiamincobaltibromide ; 
Diaquotetrammincobaltichloride ; 


[(HO).2pb(NH3)4]Cl2, Dihydroxotetramminplatechloride, 


(c) Review o^he Ammino Complexes formed hy Substitution. 

\/ [a) Type [Me(NH 3 )^]Xn, Hexammin salt* 

Al l members of this group contaiu a complex positive ion, con- 
sisting of a central metallic atom, surrounded by six NH;(-groups. 
The valency of the complex radicle is the same as that of the central 
metallic atom, for the NH;, -groups are attached by auxiliary 
valencies, thus leaving the principal valencies free. Hexaiumines 
are known which contain tetravalent, trivalent, and divalent central 
metallic atoms. The yellow hexammines of cobalt were the first 
to be examined and therefore the whole class is sometimes spoken 
of as the luteo salts. 

The number of hexammines which are known already is very 
large. The type [AIe(NH;,)g]X3^ has received the most attention. 
Nevertheless a great many divalent metallic salts are known, as 
may be seen from the following list : 


[Ni(NH:,)JX.„^ [Ni(NHi)H)„lX2,^ [NiCNH^ . NiyjX^ 
[Ni.DpyJX,/ [NiPhnJX,,^ [NipnJX^," [NienJX,,'^ [ZiienJX^ 
[Od(NH,)„]X„» [Cdea,]X,,= [CdpyJX,,’ [C'u(NIl,)„]X, 


[Cu enalX,; 


[Cu py„] B 


29 


[Co(NH 3 )„]X,,' 


[Co en^JXo,® 


[CoDpyJX.,,^ [CoPhn3]X2.^ 


Dpy means one mol. of a-Dipyridyl and Plm. Phenanthroline. 

‘ Bose, J. pr. Chem,, 7, 266 (1836) ; 19, 445 (1840). 

* Uhlenhuth, Annalen, 307, 332 (1899). 

“ Curtius, J.pr. Chem., (2) 60, 343 (1894). 

* Blau, Mo7iatsh., 19, 647 (1898). 

“ Woruer, Zeitsch. anorg. Chem., 21, 210(1899). 

*■ SchUler, Annalen, 87 , 34 (1853); Wells, Amer. Chem. J., 9, 304 (1887). 

' Varet, Bull. Soc. Chim., (3) 6, 843 (1891). 

" Kichards, Der. 23, 3790 (1890). 

** Bammolsberg, Annaleti, 65, 244(1845); Fr6my, Ann. Chim. Phys., (3) 
36 , 257 (1852). ^ ’ v y 


‘ See the list in Bcr., 40, 20 (1907). 
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A complete list of hexammine salts has been published bv 
Pfeiffer.' 


(NH3)g']xn salts. 

The compounds of this type are obtained from the former type 
by the loss of an ammonia molecule : 


[Cv(NK,),]C\ = NH3 -f 



rhey can be obtained also by other means. But for our present 
object it is only of importance that the complex contains only five 
NH;(-groups and one acid residue in the non-ionogene condition. 

In hexammincobaltichloride [Co(NH3)g]Cl3 all three chlorine atoms 
are present as ions, and are therefore immediately precipitated in 
the cold by silver nitrate. From this compound the loss of a mole- 


cule of ammonia yields chloropurpureochloride Co^^^ 


this compound only two chlorine atoms are in ^e ionic condition, 
for only two can be precipitated by silver nitrate in the cold ; the 


third chlorine behaves like organic chlorine, e,g. like chlorine in 


chlorethane. 

This difference in the behaviour of the acid residues is very 
characteristic, and may be shown in most cases very clearly. The 


following reactions serve to bring out the difference : (a) The acid 
residues which act as ions react with sodium platinum chloride and 
potassium platinous chloride, while those which are incapable of 
acting as ions do not give this reaction, e.g. 


Co 


Cl 

(NH3) 


]ci, + H,PtO]„ = JptCl, + 2HC1 


(b) The ionic chlorine is liberated as hydrochloric acid when the 
compound is treated in the cold with concentrated sulphuric acid, 
while the non-ionic chlorine remains unacted upon. 

3)5 

trivalent elements, and since the first compounds of this type 
studied had a bluish-red colour, the general name of purpureo-salts 
has been given to this group. According to their composition they 
should be called the acidopentammines. It may be mentioned that 


Xn are known only with 


Such compounds as 


Me 


X 

(NH 


I Zeitsch. anorg. Cliein.^ 24, 279 (1900). 
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the acid residue, which is directly bound to the central atom, may 
be divalent, trivalent, etc. 

A list of the pentammine salts, together with complete refer- 
ences, will be found in the report of my lecture given before the 
Deutsche Chem. Gesellschaft,^ 


Didcidotetrammine salts. 

When the pentammines lose a molecule of ammonia, tetrammine 
salts result. In these compounds two monovalent acid residues 
are directly linked to the central metallic atom. Should this 
atom be divalent, compounds with the constitutional formula 

[Me(NH;j)J produced, i.e. they contain no acid residues w'hich 

can be ionized, and their solutions consequently do nob conduct 
electricity. If the metallic atom is trivalent, then one acid residue 
can be ionized, and when it is tetravalent, we have two acid ions. 
The formulae of these compounds are 


[Me^^ 


(NH3) 






The number of members of this group is very large, for the 

possible combinations are very varied, owing to the fact that the 

acid residues X may all be different. Such compounds are not 

different in principle, since they may all be referred to the general 
formula. 

I have already published ^ a list of diacidotetrammines of divalent 


elements. Examples of the type J X., are as follows : 



Pt9i? 




(NH3)J 




2)2 I Y 


[ 

[“■PKNH.),]X, g“pi(NH.).]x. [(,_^Pt(NH.).]x, 

[o®iPtCNH.).]x, [o_^P.(NH.),]x. 

[SO.Pt(NH3).]X2 [COaPtCNHj),]^, 

‘ -Bcr., 40, 22 (1907). 
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[cg;Pt(NH,)J 

[^§Pt(NH3)J 

[p®"Pt(NH3)J 


X [(J^Pt(NH0jx 

X [c5^Pt(NH,)Jx 

X [p§Jpt(NH,)J 

[po.'p^nh,),] 


The great majority of these compounds have been described by 
Cleve.^ To this group also belong the nitrosohydroxotetrammin 
ruthene salts.^ 



“•fNII. 


J 


X 




Triacidoiriammine salts. 


Triammine salts, the central atom of which is tetravalent, will 
still have one ionic acid residue corresponding to the following 
formula : 



Examples of this type are to be found in the salts of chloro- and 
bromoplatinimonodiammines : 

Triammine salts containing a central atom of still higher valency 
are unknown. 


(e) Diammine and Monoamviine Salts. 

Diammine and monoammine salts containing an ionic acid residue 
with the general formulae : 

are unknown. 

* Kong. Vet. Akad. Handl, 10, Nr. 93; cf. Gerhardt, Gompt. rend., 1850, 
p. 373 ; Amialen, 76, 307 (1850) ; Rawsky, ibid., 68, 316 (1848) ; Ann. CUm. 

Phys., (3)22, 278 (1848). 

* Werner, Ber., 40, 2614 (1907). 
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4. Compounds of the Higher Order with Carbides. 

Only certain groups of carbides are able to form compounds of 
the higher order resembling those formed by halides, oxides, 
nitrides, etc. Saturated hydrocarbons are unsuited for this purpose. 
On the other hand, the unsaturated hydrocarbons, including benzene, 
form addition products of this type. But it has been possible in 
rare instances to give a constitution to such compounds, in spite of 
the fact that the carbide addition-products are comparable to those 
formed by amines. This is a branch of the subject which has 
received but little attention, and it is to be expected that research 
on these compounds would go far to clearing the much-discussed 
question of the constitution of the carbonium salts. The following 
examples illustrate this type of compound : 


(a) Compounds with Carbon Monoxide : 
Cl^PtCO, Cl,Pt • 


.C0> (ci^PtMco),,- ci,pt(cocy 

0,s . Cu2(CO)2 4- H2O4 


2 ) 


Br^PtCO^ 


(b) Compounds with Hydrocarbons : 

Cl^Cu* . CI,Fe . + H^O,' Br^Fe . + 2H.>0,<' 

Cl,Pt.C,H„’ (CuCl), . C]3A1 . 3C,He,» Cl^Al . ScX'" 

* Schutzenberger. Ann. Chim. Phys., (4)21,350(1870) ; Annalen, 8, Suppl., 
242 (1868^* 

* Pullinger, Ber., 24, 2291 (1891). 

* Joannis, Compt. rend., 137, 189 (1903). 

* Chavastelon, ibid., 126, 1810(1898). 

“ Kachler, Ber., 2. 510 (1869). 

“ Chojnaki, Zeitsch., /. Oiem., 1870, p. 420. 

' Zeise, Pogg. Arm., 20, 497, 642 ; 40, 234 (1837). 

* Hofmann and KUspert, Zeitsch. anorg. Chem., 16, 205 (1897), 

(1888) Crafts, Ann. Chim. Phys., (6) 14, 467 

Crafts, J. pr. Chem., (2) 42, 506 (1890). 

Kondakow * has described some addition compounds formed by 
ziQO chloride and hydrocarbons. He showed that ethylene com- 
pounds formed addition products with the general formula 
0„Ha. . 2ZnCle. 


■ J. 
(1898). 


B«s8. Phys. Chem. 8oe., (1) 26, 346 (1893); 


J. pr. Chem., 48, 467 



156 NEW IDEAS ON INORGANIC CHEMISTRY 


The following inorganic double carbides are known : 

SFe^C . 201-302,* M02O . Pe30,2 W^O . SOrjO^.^ 

SFejO . OraO^,^ Fe 30 . 30r302,2 Fe 30 . WO,^ 

2 Fe 30 .Mn 30,2 Fe 30 . 2 Mn 30,2 FojO . 4Mn30.2 

^ Williams, Conipt. rend., 127, 483 (1898). 

* Carnot and Goutal, ibid., 128, 207 (1899). 

® Moissan and Konzuetzow, ibid., 137, 292 (1903). 


One addition-compound, the result of the union of an oxide and 
carbide, is known : 


CeC2 . 2Ce0.i 


6. Compounds of the Higher Order containing Different Molecular 

Components. 

1. Addition Compounds. 


(a) General, 

Up to the present we have considered, for the sake of simplicity, 
only those compounds of higher order which are formed by the 
addition of a definite sort of molecule. But a central atom, which 
is able to take up several molecules, will naturally be able to take 
up molecular components which are chemically different. Thus, 
platinum chloride is able to form additions not only with two mole- 
cules of ammonia, or two molecules of a chloride RCl, but also with 


NH 

one of each of these groups. In this case the compound 

would be formed. It occupies a position intermediate between 

CJ^Pt * and Cl^Pt * ie. it is at the same time a metallic 

ammonium derivative and a double halide. As is obvious, the 


variety of compounds which could be prepared in this way is very 
great. In many cases the resulting compounds are of considerable 


interest. 


Transition Series between Metallic Ammino Gonipounds and 

Complex Salts. 

The group to which we will first direct our attention is illustrated 
by the above compounds. These compounds are of special interest 
because they are mixed compounds intermediate between the 
metallic ammino-compounds and the complex salts. In other words, 

^ Sterba, Compt. rend., 134, 1066. 



THE CHEMICAL COMPOUNDS 


157 


they form the middle members in the following series : (1) Metallic 
ammino-compounds formed by substitution ; (2) metallic ammino- 
compounds formed by addition ; (3) complex salts containing 
ammonia ; (4r) pure complex salts. 


The following examples illustrate such a series : 

(a) Cobalt : 

[Co(NH.).](NO,)., [coJ 5?4.)J(NO.).„ [co<55g>)']NO„ 

HSj,]. HnS?)]"- 

Unknown 

(b) Chromium: 

[Cr(NH.W(SON). 

NS]. Nffil'". NnH*!'-]®* :Cr(SCN),]E„ 

Unknown 

(c) Platinum: 

[PKNH.).]OI. [piJJhJc. Knh.),]'’'” KS]”' 

Unknown 

[p‘5nH3)J> 

Both the chemical and electro-chemical behaviour of these com- 
pounds is well expressed by the graphic representation of their 
molecular conductivities : 


(a) Cobalt Series. 




158 N£^V IDEAS ON INORGANIC CHEMISTRY 


(b) Platinum Series. 



(Pt(NH3),]CU ’3>]ci3 [Pt^^'“3)4jci3 [Ptg'«3)3jci [ptg'Ha)^] [Pt™3jK 


Chloride of 
Drechsel’s base. 


Unknown. PUtinidiammine Platinimono Platinidiammine Cossa’a 

chloride. diammine chloride. second salt. 

chloride. 


[PtCleJKg 

Potassium 

platinum 

chloride. 


As additional examples of compounds which have the double 
character of metal ammino salts and complex salts, the following 
compounds may be mentioned : 



All these compounds which contain ammonia in a complex acid 
radicle expose the inaccuracy of Abegg and Bodlander’s opinion, 
viz. that it is impossible for ammonia to be a constituent of a 
complex acid radicle. 


(c) Transition Series between Hydrates and Complex Salts, 

Compounds occupying a position intermediate between the 
hydrates on the one hand and complex salts on the other, are 
formed when a binary compound takes up at the same time both 
water and a simple salt. Since most inorganic compounds are pre- 
pared in aqueous solution, it is easy to understand why it is that 
most inorganic compounds belong to this group. Examples of such 
compounds are : 
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* Werner, Zeitsch. anorg. Chcm., 9, 386 (1895). 

* Marignac, Ann. Chini. Phys., (3) 69, 65 (1863). 

® Delafontaine, Arch. Sc. phys. nat., 30, 240. 

* Christensen, J. pr. Chem., (2) 35. 57, IGl (1887). 

* Christensen, ibid., (2) 35, 168 (1887). 

* Werner and Gubser, Ber., 34, 1579 (1901). 

^ Christensen, J. pr. Chcm., (2) 36, 161 (1887). 

* Seubert and Kobbe, Ber., 23, 2557 (1890). 

* Wagner, ibid., 19, 896 (1886). 

“ Raymann and Preis, Jahresb., 1884, p. 436 ; Annalen, 323, 323 (1883). 
" Hofmann, Annalen, 312, 1 (1900). 


The following transition series of compounds between a hydrate 
and a complex salt is theoretically possible. 

X,Me(OH,)„ [MegjjjR,, 

[MeXJR, ; [MoXe]R,; 

[MeJnJ- [MeoiijR, [MeXJR, 

For the last two transition series actual examples are known : 

[V(^g^J(NH.)3, (VF,)(NH,)3, 

(PtC]3)H3. 

Amongst complex salts which contain water there is still very 
much that is not clear, and in order to clear up finally the consti- 
tution of many of the compounds belonging to this class, new 
experimental methods will have to be discovered. 



l6o NEIV IDEAS ON INORGANIC CHEMISTRY 


(d) Further Examples of Compounds formed hj the Simultaneous 

Addition of Different Types of Molecules, 

An addition compound containing at the same time both water 
and ammonia has been prepared by Nordenskjold : ^ 


(NCS),Crg5f + H,0 


I have had this compound examined lately, and it appears that 
it is to be considered as an oxonium salt with the following 
formula : 


[(NCS), 


Cr 


(NH3), 

OH 


]k . OH, 


for it is possible to prepare a series of salts from organic bases with 
the general formula : ^ 

Carbides, together with other components, can also take part in 
the formation of such compounds, e.g. 


’^*^OH 1^* 


R 


(a) Compounds loith Carhon Monoxide : 

CO 

‘Cy, 


K?.]®. [«“]«• [«“]“■ Kson).]*. 


PI 
Cl 


rpt(CO) 


'ci^^ 

2 . 


ClgPt 


CO 

Py’ 


BrgPt 


CO 
Pv = 


2 • 

^ Mylius and Forster, Ber.^ 24, 2424 (1891). 

* Schutzenberger, Bull. Soc. Chim.t (2) 14, 87 (1870). 

* Forester, Rer., 24, 375(1891). 


(b) Alkylene Compounds : 

[p.gf‘]R, 

Kif‘]« 



m pf^2S4 

ni Pf^2^4 1 

PI Pf^2^4 

PI Pf^2S4 PI Pf^2®^4 ^2®4Pfpl 


1 Zeise, Pogg. Ann., 21, 497 (1831); 40, 234 (1837). 
* Griess and Martins, Annalen, 120, 324 (1861). 


* Zeitsch. anorg. Ckem., 1, 126 (1892). 

* A. Siemssen, Jnaug. Dissertation, Ziiriob (1909). 
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A very peculiar group of addition compounds exists of which the 

first representative, nickelcyanidebenzeneammonium, Cy^Nigg'', 

was discovered by Hofmann and Kuspert.* Hofmann and Arnoldi^ 

re-examined it and described it in greater detail. Moreover, they 

were able to prepare other addition-products analogous to the 

first compound, which contained aniline, phenol, pyridine, pyrrol, 
thiophene, and furfuran. 

It is quite a common thing to have difierent salts unexpectedly 

combine together to form a complex. Hofmann “ noted this 

peculiarity when working on the ferrocyanides and has described 
the following compounds : 




Cy 


®SO,Na., 


That it is possible for three or four components to be taken up 
by a central atom, when the auxiliary valencies on the latter are 
sufficient in number, is obvious and requires no further discussion. 
Nevertheless compounds of this description have received hardly 
any attention from experimenters. 


2. Sabstitntiou Componiids. 

^^Jf^^Aquometalammino Sails. 

Ammonia and water behave similar to one another in the 
formation of substitution compounds. It is to be expected, there- 
fore, that they can take part simultaneously in the formation of 
substitution compounds. This anticipation is confirmed by experi- 
ment, and the compounds which result from the simultaneous 
substitution of water and ammonia are known as aquometallic- 
ammino-compounds. They are a particularly important class, 
because they permit the functional signification of the water to be 
disclosed in a very suggestive manner. The series of compounds 
which are prepared from the hexammines by the substitution of 
one or two molecules of ammonia by water are called the aquo- 

* Zeitach, atuyrg. Chem., 15 , 206 ( 1897 ) 

* Ber., 39 , 839 ( 1906 ), 

> Zeitsch.anorg. Chem., 12, 167 ( 1896 ). 


M 
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pentammines (pentamminroseo salts) and the diaquopentammihes 
(tetramminroseo salts) : 



^ Jorgensen, J. ;pr. Chem., (2) 31, 49 (1885). 

^ Christensen, ihid.^ (2) 23, 26 (1881). 

^ Jorgensen, ibid,, (2) 34, 394 (1886). 

* Jorgensen, Zeitsch. anory. CJiem., 2, 279 (1892). 


In these salts the water plays exactly the same role as is played 
by ammonia in the metallic ammino-complexes, Le, the exit of each 
molecule of water from the complex causes an acid residue to lose 
its ionic properties. In this way the aquopentammine chlorides of 
cobalt and chromium by loss of water are transformed into chloro- 
pentammine chlorides : 


These examples bring out very clearly the complete agreement 
in the functions of water and ammonia, for hexammine chlorides 
on losing one molecule of ammonia produce chloropentammine 
chlorides : 

KtSjci. = hVjc. + "H- 

Aquopentammincobalt- and chromiumbromides, aquopentammin- 
chromium iodide and aquopentammincobalt nitrate all behave 
similarly to aquopentammin chloride. Through the loss of water 
are produced bromopentammincobalt and chromium bromides, iodo- 
pentamminchromium iodide and nitratopentammincobalt nitrate. 
Further, the action of nitrous acid on these aquosalts produces 
nitropentammine salts, the action of thiocyanic acid produces 
thiocyanopentammine salts, etc. 

We can sum up, therefore, the behaviour of these salts in the 
following words : through loss of water by the aquopentammines it 
is possible for the most varied acid residues to become directly 
bound to the central metallic atom : 
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Polyvalent acid residues, such as sulphuric acid, oxalic acid, 
sulphurous acid, carbonic acid, etc., also exhibit this behaviour. 

From the diaquotetrammincobalt salts, in which all the acid 
residues are in the ionic condition, through loss of a molecule of 
water are produced acidoaquotetrammine salts. In these salts an 
acid residue is linked directly to the positive complex, and through 

loss of both molecules of water diaoidotetrammine salts result In 
which only one acid residue has ionogene properties ; ‘ 

[5o>*^°(^S3)4]ci3= [g^J^>Co(NH,)Jc], + H,0 

[^(J>Co(NH 3 ),]ci,= [g[>Co(NH,),]ci + 2H,0 

Beyond the hydrated tetrammines already mentioned the 
following have been prepared : 


rao 


Co ea 




in two isomeric series, 

[hS J [1^0 Cr(NH3),] X3,“ 

* Jorgensen, Zeitsch. miorg. Chem., 7, 290 (1894). 

* Wemer and Wolberg, Ber., 38, 2009(1905). 

* Werner, Zeitach. anorg. CJian., 19, 1645 (1899). 

43 . ‘mamt ® P’ - ( 2 ) 

Pfeiffer, Ber,, 40 , 3126 (1907). 

and in every instance it has been shown that the water molecules 

have the same signification with respect to the acid residues as in 
tne above examples. 

But in the hexammines it is possible to substitute for ammonia 

cTlt iTtslTe Tn^ 

[0,.0.(NH.,.], [ctCoO^Jci. [cicWyoi. [cW-Joi. 

Every molecule of water in these compounds has exactly the 

Hre fk f ammino-complexes. 

Hence, the entrance or the exit of a molecule of water causes a 
change m the functions of the acid residue. 

ase^). .t,,.- 

■- .. :!-,0 
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Of the three chlorine atoms in the trihydrates all three have 
ionic properties, in the dihydrates only two, in the monohydrates 
one, and in the anhydrous salts none. For the question of the 
existence of hydrates in solution it is of importance to note that all 
three hydrates yield characteristic solutions, from which they can 
be obtained again quite unaltered. The trihydrate gives a purple- 
coloured solution. The dihydrate a reddish-blue, and the mono- 
hydrate a bluish-green, and every one of these solutions exhibits 
its characteristic reactions. It cannot be doubted, therefore, that 
each hydrate preserves its individuality in solution. 

Other triaiumine salts, in which water clearly exercises a similar 
function are the following : 



^ Werner and Grun, Bcr., 38, 4033 (1906). 

* Werner and Gttin (Griin, Dissertation, Zurich, 1901). 


These compounds, however, have not yet been exhaustively 
examined. 

The preparation of a complete transition series from the cobalt 
ammino-corapounds to the hexhydrates of trivalent cobalt is 
defeated owing to the instability of the water linkings in the higher 
hydrates. On the other hand, chromium has yielded such a series. 
For, with only one member missing, it has been found possible to 
prepare all the compounds between chromium hexammine chloride 
and the blue hydrate of chromium chloride : ^ 

[Cr(NH,)e]C)s, 

NSStjo'. 

The only compound, therefore, which is missing is : 



All the compounds in this series contain three ionic chlorine 
atoms, and consequently silver nitrate, when added to a freshly 


* Werner, Ber., 89, 2656 (1906). 
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prepared solution of the salt, immediately precipitates all the 
chlorine. The function of the water in these compounds is similar 
to that of the water in the aquo-salts of the ammonium compounds 
of cobalt, i.e. the loss of water by the complex requires a chlorine 
ion to lose its ionic properties. 

When aquopentammine chromium chloride loses a molecule of 
water chloropentammine chromium chloride results : 

and when the diaquotetrammine chloride gives up one water mole- 
cule, chloroaquotetraraminechromium chloride is produced : 


The behaviour of the last three members of the above series is 
peculiar, for all lose two molecules of water very easily, thus yielding 
compounds in which only one chlorine is ionic : 


[(H.,0),Cr(NH,),]CI, = 
[(R,0),Cr(NH,),]Cl, = [ci.Crgg^)J 


Cl -h 2H,0 
Cl + 2H>0 


[Cr(OH,)JCl, = [ChCr(OH,),]Cl + 2H,0 


The blue hexadydrate of chromium behaves exactly analogously 

to the hydrated chromium ammino-complexes, and the same thing 

is true of the hexahydrate of chromium bromide. It only remains 

to be mentioned that all these hydrates preserve their individuality 
in solution. 


(b) Compounds produced hy the Snhstituiion of Halides and 

Analogous Compounds. 

The consideration of the substitution compounds has shown that 

the most diverse chemical compounds can take part in the formation 

of substitution complexes, e.g. ammonia, amines, water, alcohol, 

ketones, esters of carbonic acid, organic acids, metallic hydroxides, 

metallic salts, etc. It is to be expected, therefore, that in general 

all compounds, which are able to produce auxiliary valencies, are 

able to take part, as far as their nature permits, in the formation 
of substitution compounds. 

When determining the constitution of many compounds it is 
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important to know that simple salts as halides, thiocyanides, nitrites, 
etc., can also act as components of substitution compounds The 
following constitutional formul* illustrate the truth of this state- 
ment, and at the same time throw light upon the nature of the 
resulting compounds : 



rAgC) OH, I 


Cl 

NOu 


2 


+ 2H2O,’ etc. 


* Werner, Zeitsch. anorg. Chem., 22, 91 to 167 (1899). 
2 Werner, ibid. 

^ Jorgensen, ihid.y 17, 473 (1898). 

^ Werner, Ber., 34, 1602 (1901). 

* Werner, Zeitsch. anorg. Chem., 14, 31 (1897). 
Werner, ibid., 15, 155 (1897). 

” Jorgensen, J.pr, Chcm., (2) 39, 24 (1889). 


Many of these compounds are produced by the addition of new 
components to complexes which are already co-ordinatively saturated : 

These new compounds are perfectly stable, if R, which is linked 
to the acid residue on the central atom, be undissociated in aqueous 
solution. This is the case in the silver salt : 


for hydrochloric acid is without effect on its aqueous solution. If, 
on the other hand, R can be dissociated, then the complex will 
break upon solution according to the equation : 

(03N),[(H3N).CoJJgj^] [CofNH3yN03 + K + NO 3 

and the salt behaves like a loose addition product of a co-ordi- 
natively saturated compound. The composition of such compounds 
is often used as an argument against the hypothesis of co-ordination, 
because they are apparently in opposition to it. Let us suppose 
that in the formula (MeA6)X3 all the radicles A are substituted by 
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halides, we get, therefore, the compound [Me(XR)JX 3 , which 
contains three molecules XR snore than corresponds to the limiting 
type, X 3 Me(XR) 3 , of the addition compounds. As a matter of fact, 
such compounds do not belong to those formed by addition, but 
rather to the substitution complexes, and in this way the apparent 
contradiction is to be explained. 

Weinland and Schmidt* prepared a compound, the composition 
of which appeared to be in contradiction to the co-ordination 
hypothesis. Antimony chloride not only gives the salt (SbCl(,)R, 
but also (SbCl 7 )R^. W^hile the chlorine in the former complies 
with the required co-ordination number, i.e. 6, that in the latter 
appears to be too great. These experimenters, however, were able 
to show that the first salt contained no ionic chlorine, whereas the 
latter gave a precipitate with silver chloride, and hence contained 
chlorine in indirect linking with antimony. The salt, consequently, 
must have the following constitution : 

[CbSb(ClR)JCl 

It has also been shown that the salts SbCl 7 Mg + and 

SbClyFe -j- 8HjO contain six atoms of chlorine which cannot be 
precipitated by silver nitrate, and hence must be formulated as 
follows : 

SbCle . MgCl -f- 9H,0 and SbCl« . FeCl^ -|- 8R,0 


Similar reactions have led to formulating the compound 


thus 


+ 2CsCl 


r cics 

CrClCs 

L (OK.)J 


Cl. 


For only three-fifths of the chlorine can be directly precipitated. 

Additional examples of such compounds are to be found in the 
following list ; 


+ HA' [sb(®]3^Py)^]B.v= 


» Marignac, AnnaUn, 146, 249 (1868). 

* RoBeniieim and Stollmau, Ber., 34, 3378 (1901) 

• Ibid. 


‘ Zeitsch. anorg. Chem., 44, 41 (1905). 
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+ 3K,0,^ I,® 


j-gbCBrHp-ToluidO.jg^^ 


(IK), 


[Bi(\^)^]V 


BilH 
I 


I + 3^0," P + 2H,0, 


10 


(PNH,). 

NbO 

K 


F," 
F,=» 



F^14 





■ (KK),-] 

NbO P,« 

L J 


[ ‘ 


16 


j F, ■” 




21 


(FNa), 


TiFH 
F 


F.^ 
-■- 2) 




■ Ibid. 

^ Weinland and Schmid, Zeitsch. anorg. Chem.y 44, 137 (1905). 

® Higbee, Amer. Ghem. J., 23, 150 (1900). 

^ Ibid. 

® Nikl^s, Compt. rend.j 61, 1097 (1860). 

^ Higbee, loc. cit. 

' Arppe, Pogg. Ann., 64, 237 (1845). « Ibid. 

^ Arppe, ibid.] Nikl^s, Compt.rend., 50,872(1860); Linau, Pogg. Ann., 
111,240 (1860). 

Marignac, Annalen, 146, 239 (1868). 

" Ibid. 

■ ** Santensson, Bull. Soc. Chim., (2) 24, 53 (1875). 

*=> Baker, Trans., 35, 760 (1879). 

" Ibid. 

Marignac, Ann. Chim. Phys., (4) 9, 268 (1866). 

Ibid. Ibid. 

Wells and Willis, Amer. J. Sci., Silliman, (4) 12, 191 (1901); Chem. 
Zentr., 1901, IL, p. 844*. 

Franz, Ber., 1870, p. 58; Marignac, J. ^r. Chem., 80, 137 (1860). 
Marignac, ibid., 80, 426 (1860) ; Jahresber., 1860, p. 137. 

Dammer, 2, 634. 

Dammer, 2, 692. 

Rosenheim and Sbiitte, Zeitsch. anorg. Chem., 24, 238 (1900). 

Marignac, Jahresber., 1859, p. 108. 

*® Richardson and Adams, Amer. Chem. J., 22, 446 (1899). 
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(BrHAnil.) 

Bra 




[ 




(FK> 

ONbFH 

F 


F 

•*■ 2 > 


^ Richardson and Adams, Amer. Chem. J., 22, 446 (1899). 

* Ibid. 

^ llarignac, Ann. Chim. Phys., (4) 8, 34 (1866). 

* Marignac, ibid., (4) 9, 268 (1866). 


6. On Polynuclear Metallic Ammino Complexes. 

(a) General, 

Polynuclear metallic ammonium compounds differ from the 
simple ones by having several complexes in one molecule. These 
complexes are linked together by either single atoms or atomic 
groups, and neither hydrolysis nor ionization can break these 
linkings. A metallic atom acts as the central atom of a complex, 
and the same rules which govern the formation of the simple 
metallic ammino-complexes are applicable also to the more compli- 
cated compounds. Taking the hexammines as representative 
CO ordination compounds, and methane as a representative valency 
compound, and placing them side by side, we can look upon poly- 
nuclear metallic complexes as being derived from the hexammines 
in a fashion quite analogous to the linking together of two alkyl 
residues by another group. Thus : 


CH, 


Methane 



Dimethyl amino 


[Co(NH,)JX, 




H.,N4 

e. ■Co{N}l,),X^ 

Simple metallio ammino-compound Complex metallic ammino-compound 

To be sure, there is an essential difference between the examples ; 

the organic groups are linked to the nitrogen atom by principal 

valencies, whereas the metallic atoms are linked to the central 
radicle by auxiliary valencies. 


The following are all the groups, as far as is known at present, 
by which complexes can be linked together: ; NH.„ :OH, : 0 , 
: O2, (NOy), (SO4). Two metallic atoms can be linked together by 
one, two. or three such groups ; and the groups themselves may be 
either all the same or all different. Such a group will be termed a 
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biidge (htiiclcet^indu’ng^^ and it will be seen that dinuclear 
metallic ammino-complexes can be linked by one, two, or three 
bridges. Further, it is possible for a metallic atom to be linked 
by bridges to one, two, or three other metallic atoms, and by this 
means the most varied polynuclear metallic ammino-complexes are 
produced. In the following sections will be found a review of 
those polynuclear metallic ammino-complexes which have had their 
constitutions definitely determined. It will be seen that we have 
here the foundations of quite a new doctrine of the constitution of 
chemical compounds, from which it is possible to examine the 
constitution of many classes of inorganic compounds. 


1 / 


>(b) Polynuclear Comjplexes containing one Bridge. 


1 . T)ecammine-ii.-amino-dicdbalti SaXis: 

[(NH3),Co . NH, . Co(NH3)JX, ^ 

^ Ber., 41 , 3912 ( 1908 ). 

This compound has been prepared by the action of liquid 
ammonia upon dinitrato - octammin - - amino - dicobalti nitrate 

f HaNfCo^!^ 1 1 (N 03 ) 3 . The salts are coloured from a bluish 

" L (jN ±13)412-' 

red to a light red ; in aqueous solution they react quite neutral. 



< Decammine-ol-dichromi Salts: 


[(NK.lGr . OH . Cr(NH3)3]X5 ^ 

* J. pr. Chem., ( 2 ) 26 , 321 , 398 ( 1882 ) ; ibid., ( 2 ) 46 , 279 ( 1892 ), 

This formula belongs to the rhodo-chromium salts discovered by 
Jorgensen. They are red in colour, and pass by the action of 
ammonia into basic salts, which are strongly alkaline and of blue 
colour. They have the general formula : 

OH 

. OH . Cr(NH3)J 

X4 

These basic salts change easily into the basic erythro-salts, thus 
losing water from the yx-ol group and the free hydroxyl group. 

3 . Decamrnine-oxo-dichromi Salts : 

[(H3N),Cr.O.Cr(NH3)5]X4« 

^ Ibid, 
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These salts are basic erythro chromium salts, and are quite 
neutral in aqueous solution. They are isomeric with the rhodo salts 
when they crystallize with water of crystallization. The oxygen 
atom is able to take up acids, thus giving rise to compounds 
resembling oxonium salts. 


^ 4 . Deaimmine-'hydroxonium-chromi Salts. 

[(H3N),Cr.O.Cr(NH3)JX,^ 

• 

H 

X 

* Ibid. 


This is the constitution of the so-called normal erythro chromium 
salts, which in aqueous solution react strongly acid. They are 
consequently isomeric with the normal rhodo salts, into which they 
are changed by the action of heat : 


Cr(NH3)3]X, 

> 0 ... 



Cr(NH3)JX, 


Cr(NH3)JX3 

>0H 

Cr(NH3),]X.3 


Rhodo and erythro salts are consequently valency isomers. 


5 . Decammine-peroxo-dicobalti Salts ; 

[(H3N)«Co.O,.Co(NH3)JX,= 

* Fr6my, Annalen, 83, 227, 289 (1852); Gibbs, Proc. Amer. Phil. Soc., 11, 
38(1884): Vortmann, Jifonaisfe., 6, 404 (1885) ; Werner and Mylius, Zeitsch. 
a/norg. Chem., 16, 245 (1898). 

These compounds are the first products of the atmospheric 

oxidation of cobalt solutions rendered alkaline by ammonia, and 

they are usually known as oxycobalts. They are brownish-black 

in colour, and are capable of forming acid salts, e.q. nitrate 

+ HNO3. 

\y^Becarfimine-peroxo-cohalti-cohaUe Salts. 

lU IV 

[(H3N),Co . O, . ^ 

» Ibid. 


This class of compounds are called anhydrooxycobaltates. They 
are formed by the oxidation of the oxycobalts. Their colour is 
an intensely dark green, and the oxygen molecule in these salts 
is much more stable than in the oxycobalts, 
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(c) Polynuclear Complexes containing Tioo Bridges, 
Octammine-dioldicohalti Salts : 

[(H,N),Co;gg;Co(NH,)Jx,' 

^ Werner, Ber,, 40, 4434 (1907). 

These series of compounds are obtained by the dehydration at 
high temperatures of the hydroxoaquotetrammine cobalti salts : ^ 

2[(W,Cog|^jx, [(H,N),Co ; ; Co(NH,)Jx, 

The sulphate of the series is produced by the atmospheric 
oxidation of solutions of cobalt sulphate which had been made 
alkaline by ammonia. 

They are of a magnificent granite-red colour. They differ from 
the hydroxoaquo salts, with which in some cases they are isomeric, 
in that they are neutral in solution. 

On being treated with concentrated hydrochloric acid they yield 
cis-dichlorotetrammine cobalti salts (violeo) and c/s-diaquotetrammin 
cobalti salts.^ 


/ 




2. Tetraethylencdiamine-diol-dicohalti Salts : 


[ 


^ . OH . ^ 

eng Co , Qg . Co en 




* Armalen, 375, 83 (1910). 


This series of compounds are prepared by dehydrating the 
hydroxoaquodiethylenediamine cobalti salts : 

2[en,Co : ®gjx, 2H,0 + [en, Co ; ! Co enjx, » 

* Werner, he. cit.j p. 272. 


They are blood-red salts which react neutral to litmus. Con- 
centrated hydrochloric acid breaks them up into one molecule of 
cis-diaquodiethylenediamine cobalti chloride and one molecule of 
ci 5 -dichlorodiethylenediamine cobalti chloride. 


* Werner, ibid., p. 4113. 

» Werner, Ber., 40, 4817 (1907). 
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Octammine-fL-amino-ol-dicohalti Salts: 



Co(NH,),' 



* Werner, loc. cU.^ p. 4065 (1907). 


The sulphate of this series of compounds is the chief constituent 
of Vortinann^s sulphate, which is obtained on treating a solution 
of cobalt nitrate with sulphuric acid ; the cobalt nitrate solution 
previously having been made alkaline with ammonia, and oxidized 
with atmospheric oxygen. 

The salt reacts neutral towards litmus. On being acted on by 
concentrated acids, e.g. hydrochloric acid, the “ ol "-bridge is broken 
and acidoaquooctammine-/4-amino-dicobalti salts are produced : 

P®0o.NH,.CO(^gj]x,- 

* Werner, Ber., 40, 4605 (1907). 


In this way a chloro-, a bromo-, and a nitrato-series can be 
prepared, and the sulphate in a similar way yields sulphato- 
octammine-/x-amino-dicobalti salts : 

[ (H3N),Co -j 

H,N<^SO, 

(H,N),Co J 

* Werner and Baselli, Zeitsch. OAwrg. Chem.y 16, 111 (1898). 


The chloride of this last series on heating splits off one molecule 
of HCl, thus producing the sulphatooctammine-/x-imido-dicobalti 
salts : 



Again, when the chloroaquo-compounds are acted upon by 

nitrous acid, salts of an octammine-/i.-uitro-amino-dicobalti series 
are produced : 



Co(NH3), 



in which the nitro-group is fixed with extraordinary stability, for 
these salts may be heated with concentrated hydrochloric acid 
without splitting off the nitro group. 
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^ 4. Octammine-ii-peroxo-aininocohalte-cohalti Salts • 

[(H3N),Co ; ; Co(NH,),]x, ' 

’ Werner, Ber., 40, 67 (1907). 

The sulphate of this series is the second constituent of Vort- 
mann’s salt; it is of an intense green colour. On reduction with 
hydriodic acid, salts belonging to the octanimine-/x-amino*ol-dicobalti 
series are produced. On heating the sulphate with concentrated 
sulphuric acid the oxygen is given off quantitatively in elementary 
form. We have therefore a method of estimating directly the 

these compounds. Reduction with sulphurous acid 
transforms these salts into octammine-ja-sulphato-amino-dicobalti 
salts, and on treating them with nitrous acid octammine-ya-nitro- 
amino-dicobalti salts result. 



Diiodo-hexammine-fi-diaminO‘diplate Salts : 



* Cleve, Klg. Sv. VeUnsh. Akab. Haiidl., 10, No. 93; Jorgensen, Gmeliti- 
Kraut, 3, 1106. 


These salts are produced on splitting off hydriodic acid from 
the diiodotetrammineplate salts : [l2pt(NH3)JX2. 

They are salts of a magnificent yellow colour. Two molecules 
of HX are withdrawn from them by the action of ammonia ; the 
diiodohexammine-/x-diimino-diplate salts resulting : 




/ 

\y 


(d) Polynuclear Complexes containing Three Bridges. 

Hexammine-fjL-amino-diol-dicohalti Salts : 

.NH2. 

(H3N)3Co.OH . Co(NH 3)3 1X3 * 

•OH • 


® Werner, Zeitsch. anorg. Chem.f 16 , 161 (1898). 


The nitrate of this series is obtained by the double decomposi- 
tion with silver nitrate of melano chloride; the latter being a 
product of the oxidation of an ammoniacal solution of cobalt 
chloride. The nitrate acts as the parent substance for the prepara- 
tion of the other salts. They are brownish-red in colour and 
neutral towards litmus. 
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' 2 . Hexammirte-ti-amino-pei'oxo-ol-cobalte-cchalti Salts 

.NHg. 

(NH3)3Co . O, . Co(NH3)3 

• OH • 

^ Werner, 


X 3 ^ 


One of the compounds derived from the chloride of this series is 
also to be found in crude melano chloride. Consequently when 
melano chloride is treated with silver nitrate, the nitrate of the 
former series and the nitrate of this are produced simultaneously. 
Just as in the previous case, the other salts of this series are 
prepared from the nitrate, but they may also be prepared by heating 
an aqueous solution of the octammine /A-peroxo-amino-cobalte-cobalti 
salts with ammonium chloride : 


[(H,N),Co ; ; Co(NH3),]x, + H^O 

[ III . NHg . IV "I 

(H3N)3Co . O2 . Co(NH3)3 X3 + XH + 2NH3 

• OH ■ J 

These salts are of an intense green colour, and form solutions 
which are neutral towards litmus. 




3 . Hexammin-triol-dicohalti Salts : 


.OH, -| 

(R,'N},Co . OH . Co(NH3)3 X. ^ 

‘ OH • J 

* Werner, Ber., 40 , 4834 ( 1907 ). 


The members of this series are produced under various conditions 
from triammin cobalt salts. The following is a general equation 
illustrating their formation : 


2[(H3N)3Co(OH,)3]X, = 


r OH. -I 

(H3N)3Co . OH . Co(NH 3)3 X3 + sao 

L OH- J 


-I- 3 HX 


They are brownish-red salts which yield solutions neutral to 
litmus, and which crystallize particularly well. Concentrated 
acids break one of the “ ol » bridges, thus producing acidoaquo- 
hexammindioldicobalti salts : 
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In this way an acetoaquo-series is produced. Using nitrous 
acid a nitratoaquo series is obtained which, on treating with liquid 
ammonia, takes up two molecules of ammonia, thereby being trans- 
formed into the octammine-diol-dicobalti series : 

. OH . OH2 
Co Co 

.(H3N), • OH ■ (NH,)J 

.OH. 

= I (H,N),Co Co(NH3), 

OH- 


0,-N 


(N 0,)3 + 2 NH 


(NO3), + 2 H ,0 ^ 


(H3N)3Co . OH . Co(NH3)., 

•OH* 


* Amialen, 375, 121 (1910). 

The triol salts are decomposed by concentrated hydrochloric 
acid, one of the products being trichlorotriammine cobalt, and 
another a chloro salt of triaquotriammine cobalti chloride, which 
latter compound is one of the primary decomposition products : 

.OH. 

CI3 + 3 HC 1 = (H3N)3CoCl3 

+ [(H30)3Co(NH3)3]Cl3 

* Werner, £(??*., 39, 2674 (1906). 

when the triol salts are treated with nitrous acid hexammine-/x 
nitro-diol-dicobalti salts are produced. 

.OH, 

(H3N)3Co • OH . Co(NH 3)3 1X3 -h HNO2 

■ OH * 

.NO,. 

(H3N)3Co . OH . Co(NH 3)3 1X3 -h H ,0 ^ 

•OH 

The nitro-group is held exceedingly firmly on these salts, for on 
boiling with hydrochloric and hydrobromic acids a second ol-bridge 
is broken and dichloro- or dibromo-hexammine-/iA-nitro-ol-dicobalti 
salts are produced : 


Cl . NO, . Cl 

Co Co IX, and 

,(H3N)3 • OH • (HN3); 


Br .NO,. Br 

Co Co 1X2 
L(H,N)3 • OH • (NH,). 


(e) Polynuclear Complexes containing Four Bridges. 
Tetraethylenediamine-tetrolcohalto-dicohalti compounds : 

II III 

C(H20)2Co(OH),(Co en2)2]X4 * 

^ Werner, ibid.^ 40, 4426 (1907). 
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The sulphate of this series is precipitated in the form of fine, 
long, pink needles when a solution of cobalt sulphate, to which 
ethylendiamine has been added, is oxidized by atmospheric oxygen. 
Salts belonging to this series are also formed when other cobalt salts 
are oxidized under like conditions. Both concentrated hydrochloric 
acid and hydrobromic acid decompose these complexes into cobalto 
salts and cis-diaquodiethylenediamine cobalti salts, [(H20).,Coen„]X,,. ' 


(f) Polynuclear Complexes containing Six Bridges. 

1. Podecammine-hexol-tetracvtialli Salts: 

[Co(OI^)e[Co(NHa)]3]Xe.-^ 

Salts belonging to this series are produced from the most diverse 
tetrammine cobalti salts, and their colour varies from brown to 
pitch black. The sulphate and the thionate are insoluble in water, 
but are all decomposed by concentrated hydrochloric acid into 
diaquotetrammine cobalti salts. Finally, it is noteworthy that 
these salts are polymeric with the hexamminetrioldicobalti salts. 


2. ffexaetJiylenediamine-hexol-tefracobaUi Salts : 

[Co(OH)e(Co ea,)3]Xe.= 

The nitrate is easiest prepared. It crystallizes, after standing a 
short time, in long, dark brown needles from a solution of cobalt 
nitrate, which has been oxidized by atmospheric oxygen, and to 
which ethylene diamine has been added. The other salts may be 
prepared by double decomposition from the nitrate. They are all 
easily soluble in water. Their solutions are yellowish-brown and 
neutral to litmus. Concentrated hydrochloric and hydrobromic 

acids decompose the salts, producing good yields of cis-diaquo- 
diethylene cobalti salts : [(H^O^Co en.^JX,. 

(g) Polynuclear Complexes of Unknown Constitution. 

As well as all these polynuclear complexes which have had 
their constitutions cleared up, there exist a great number of others 
to which It has not as yet been possible to give constitutions. To 

* Werner, Ber., 40, 4426 (1907). 

• Werner, ibid., p. 2108. 


N 
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this class belong the fuskocobaltates of Fremy,^ the rhodoso- 
chromates of Jorgensen,^ and the ethylenediaminerhodosochro- 
niates of Pfeiffer.® Lastly, there exist very many polynuclear 
cobalt complexes which I have come across during my years of 
work on these compounds, and which have not yet received a 
thorough examination. 


7. On Co-ordinatively Unsaturated Substitution Compounds. 

% 

(a) Behaviour and Constitution. 


When a compound of the formula MeXg takes up four molecules 
of ammonia or of amine, both X radicles in the resulting compound 
X2Me(NH3)4 should remain directly attached to the metallic atom, 
i.e. the addition-compound which has thus been formed should have 
the constitution : 


H3N-.. 
H^N-- 


X 


An example of this type is to be found in tetrahydroxylamine- 


platohydrate 


(NH20H),Pt< 


OH 

OH 


This compound, in opposition to all true hydroxides of the 
metallic ammino-complexes — which are strong bases, absorb carbon 
dioxide from the air, and dissolve easily in water, etc. — is insoluble 
in water and exhibits no alkaline character. Hydrochloric acid, 
however, converts it into a chloride, (HO . H2N)4PtC]2, which behaves 
just as if it had been derived from a true metallic ammino-base. It 
displays none of the properties which characterize chlorine when 
directly bound to platinum, viz. it is not yellow but colourless, it 
does not dissolve in water with difficulty but with great ease, silver 
nitrate does react with its aqueous solution precipitating all the 
chlorine, and, finally, the addition of alkali to this solution pre- 
cipitates the free base. It follows, therefore, from these properties 
that the chlorine is attached indirectly to the central atom. As a 

* Fr6my, Ami. Ghim.t (3) 86, 257 (1852). 

2 Jorgensen, J.pr. Chem.t 46, 260, 270 (1892). 

3 Pfeiffer, Zeitsch. a/norg. Chem.j 29, 128 (1902). 



A 'I 


1 
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THE CHEMICAL COMPOUNDS 


179 


result of this ionogene binding the chlorine atoms are very mobile, 
and are therefore able to seek out for themselves more favourable 
positions in the molecule, and thus bring about a change in the 
constitution of the molecule. As a matter of fact, tetrahydroxyl- 
amineplato chloride behaves as if it had the following constitution : 

rHOK,N. 

Cl, 

LHOH2N' ^nh,ohJ 

This behaviour of tetrahydroxylamineplato chloride shows that 

substitution compounds can be formed before all the co-ordination 

positions are occupied. It is impossible to predict at which phase 

in the formation of the complex the acid residues will become 

indirectly bound, thus bringing about a change in the constitution. 

It may possibly take place on the addition of the first molecule ^ 
thus : 


MeX. + NH3 = M 


,.NH3)X 


*v.c 


% 


Ci^ 


In other cases it takes place after the addition of two, three, or 
more molecules. 

This behaviour is difierent in different compounds, and is depen- 
dent upon the nature of the central atom and of the acid residues 
which are being taken up. Obviously, then, it is necessary to 
examine each individual case in order to determine at what point 
of the addition tlie acid residues first receive ionogene properties. 

The examination of the metallic ammonium salts has shown that 
this transformation takes place in the divalent salts very early in 
their formation, for both acid residues have ionic properties even 

after the addition of four molecules of ammonia. This is true of 
the following compounds : 

[Pt(NH3),]X3,‘ [Cu(NH 3),]X3,'‘ [Ni(NH3),]X3,» [Pd(NH3),]X3.-‘ 

■ Boiset Cornet, rend., 11, 711; 18. 1100; Ann. Chim., (3) 11, 417 (1844) 
Kano, Ann. Chim., 72, 273 (1809). 

* Dammor, 8, 611, 

* DevUle and Debray, Compt. rend., 86, 926 (1878). 












The change of the acid residues from the non-ionogene linking 
into tlie ionogene linking may be followed very prettily in the salts 
of divalent platinum, as the following shows. 

In the platodiammine salts, corresponding to the formula 
[Pt(NH,)^]X„ both acid residues are attached to the platinum by 
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ionogene linkings. This is proved by the precipitation of the acid 
residues, by the electrical conductivity, etc. Through loss of one 
molecule of ammonia platomonodiammine salts, Pt(NH3)3X2, are 
produced. The chloride of this series has the formula Pt(NH3)3Cl2, 
and only one chlorine has ionogene properties, for in solution the 
one has all the properties of chloridion and the other has none of 
them. Accordingly the compound has been given the following 
constitutional formula : 


H.N. 


LH3N 


=P 


✓ 



NH., 


Cl 


Cl 


' V ey lonQ, Annalen, 61,1; 66,205; 61,178(1847). 


in which one chlorine is directly attached to platinum and the 
other indirectly. 

When the platodiammine salts lose two, or the platomonodi- 
amine salts one molecule of ammonia, compounds Avith the formula 
Pt(NH3)oX.2 are produced. In these compounds both acid residues 
must be directly attached to the platinum atom, since both have 
but little capacity for reaction. 

Two compounds with the formula Pt(NH3)2Cl2 ' are known, in 
which both chlorine atoms are indirectly attached to the central 
atom. The meaning of this will be discussed later. 

The changing behaviour of the acid residues in these compounds 
may be followed experimentally by their reactions with potassium 
platinous chloride : 


1. [Pt(NH3),]Cl2 + K^PtCl, = [Pt(NH3)J[PtClJ + 2KCP 





+ KgPtClj'* no reaction. 


* Magnus, Pogg. Ann.^ 14, 242 (1828). 

® Oleve, On Ammoniacal Platinum Bases (Stockholm, 1872) ; Werner and 
Herty, Zeitsch. physikal. Chem.y 38, 331 (1901). 

® Peyrone, annaleny 61, 1 (1844). 

< Werner and Miolati, Zeitsch. physikal. Chem.y 12, 86 ; 14, 506 (1894). 


It may be noted also -that tetrahydroxylamine platochloride 
displays a behaviour analogous to that of the ammonium compounds, 
i.e. the loss of molecules of hydroxylamine causes both chlorine 
atoms to lose their ionogene properties. 


^ Oleve, On Ammoniacal Platimim Bases. Stockholm, 1872. 
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From the behaviour of the compounds Me(NH3)4X^ and those 
poorer in ammonia, it is clear that the complex [MeCNH^)^], in 
spite of it being co-ordinatively unsaturated, plays the same role as 
is played by the saturated radicle [Me(NH.t)J. Since in the com- 
pounds [Me(NH3)JX2 all the acid residues have ionic properties 
and lose them when ammonia leaves the complex, it follows that 
we have here a new type of complex radicle to be placed beside the 
type [Me(NH3)g]. In the latter, however, all the co-ordination 
positions are occupied, but in the former this is not the case, for in 
some cases it is possible for the central atom to take up further 
molecular components. For example, Cleve showed the compound 

corresponds to tetrammineplato 

chlorine, could take another molecule of aniline, and I have shown 
that well-defined copper compounds with the formula : (Cu en3)Xo^ 
can be prepared. But these new compounds are usually rather 
unstable, and decompose very easily into the original compounds. 
This is true both of Cleve’s compound, which easily loses a molecule 
of aniline, and of the triethylenediamine copper salts, which in 
aqueous solution give up a molecule of ethylene diamme. 

From these and similar facts it is to be concluded that the 
transition of the acid residue from non-ionogene into ionogene 
linking is connected with the degree of saturation of the central 
atom, for the central atom is almost saturated when these changes 
take place. That the central atom is almost completely saturated 
when four radicles are directly bound to it is to be seen in the fact 
that such central atoms form the complex MeR^ with other classes of 
radicles. Thus divalent platinum forms the following salts ; 



ThomBen, J.pr, Chem., (2) 16, 1295 (1877). 2 md 

^ Dammor, Hand, anorg. Chem., 3, 835. 

* Lang, J.pr. CJiem., 83, 415 (18G1). 

* ; 162. 137(1809); 169, IIC (1871) 

* Lang, loc. cit. 

- Nilflon, Ber., 10, 930 (1877) ; 11, 879 (1878). 

® Dammer, loc. ciL, p. 841. 


• Werner, Zeitsch. 


anorg. Chem., 21, 201 (1899). 
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and nickel and palladium form similarly constituted double salts ; 

[NiCyJE,,’ [NiPJR..^ [Pd(NO,)JR„» [PdCyJR^,^ [Pd(SCN)JR2,' 
[PdClJR^.' 

* Dammer, toe. cit., p. 517. ^ Ibid.^ p. 606. 

* Ibid., p. 886 (c/. Zeitsch. analyt. Chem., 5, 403). 

^ Ibid., pp. 891 and 892. * Ibid. 

* Eossler, Zeitsch. anorg. Chem., 1866, p. 176. 


Great support is given to these ideas by the fact that similar 
phenomena are to be found in a group of compounds the constitu- 
tions of which are beyond doubt, viz. the oxygen acids of the 
metalloids. It is well known that different metalloids are charac- 


terized by their acids and salts, i.e. those richest in oxygen, con- 
taining the complex radicle MO4 ; this may be seen in the following 
examples : R3PO4, RgAsOj, RgSO^, R2Se04, RCIO4, etc. 

Now, these compounds and those metallic ammino-complexes 
which contain the radicle Me(NH3)4 are very similar in their 
behaviour. For just as the loss of a molecule of ammonia by the 
compound [Me(NH3)4]X2 causes an acid residue to pass from the 
ionic into the non-ionic condition, so does the loss of an atom of 
oxygen by the molecule [M04]H„, cause a hydrogen atom to pass 
from the ionic into the non-ionic condition. 

Examples of this analogy are to be found in the following con- 
stitution formulm : 



Platodiammine salts Platomouodiammine salts Platosammine- and 

Platosemidiammine 

salts 



Phosphoric acid Phosphorous acid Hypophosphorous Phosphine 

acid oxide 


Similar phenomena are exhibited by the oxygen acids of 
sulphur : 

LO:^Oj^2 [0 :S.hJ^ 0 :S.R 

Sulphuric acid Sulphurous acid Sulphinic acid 
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However, the great mobility of the hydrogen in those acids 
which contain less than four atoms of oxygen : 



renders tautomeric phenomena possible, so that under some con- 
ditions it is possible to obtain derivatives with the following 
formulae : 



and it is quite possible for similar tautomeric phenomena to be 
observed in the metallic ammino-complexes. I'hus it is to be 
expected that the compounds [Me(NH 3 );,]X 2 , according to the 
nature of the acid residue, may have either of the following consti- 
tutional formulae : 



We can extend consequently the statement made in the intro- 
duction on p. 179, viz. the acid residue passes into indirect attach- 
ment in different salts, when different numbers of ammonia molecules 
have been added, by saying that the constitution of the different 
salts of the same complex radicle varies with the nature of the acid 
residue. Hence it is to be expected that two salts of the same 
metal, say the chloride and nitrate, can behave in different ways, so 
that the addition products with two molecules of ammonia corre- 
spond to the formula) ; 

r .-NH^'l Cl ,NH3 

Me/ (NO 3 ). and >Me<' 

L nhJ Cl/ NH3 

In conclusion, it may be noted that by substituting ammonia 
by water, halide, etc., it is possible to prepare many different types 
of analogously constituted, co-ordinatively unsaturated compounds, 
lo this class belongs the blue potassium copper chloride, CuCL 
-I- 2KC1 4- 2H/>, which probably has the following formula, 
[(KCI)yCu(OHy)jj]Glg, and many others to which, as yet, definite 
constitutions have not been given. 

‘ Between the chloride and the bromide of (Cu on) a similar difforonce 
appears to exist. The chloride is blue, like the ammonium compounds, while 
the bromide is intensely green. 
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(b) TramiHon Series between Co-ordtnaiively Unsaturated Metallic 

Ammino Gomjylexes and Complex Salts. 

We have seen that substitution- and addition-compounds are 
related to one another in such a way as to make it possible to 
prepare a complete transition series, as, for example, that existing 
between the metallic ammino-compounds and the complex salts. 
This is also true of co-ordinatively unsaturated addition compounds. 

Such a transition series is known for the salts of divalent 
platinum. As an illustration of this the transition series of 
chlorine compounds may be given ; 


[PtCl J K,.“ 

* Eeiset, Coynpt. rend., 11, 711 ; 18, 1100 ; 
(1844). 



Ann. Chim. Pkys., (3) 11, 417 


* Cleve, On Anwioniacal Platinum Bases, p. 158. Stockholm, 1872. 

^ Dammer, Mandb. anorg. Chem., 3, 815 ; Werner and Miolati, Zeitsch. 
physikal. Clmn., 12, 35; 14, 506 (1894). 

* Cossa, Ber., 23, 2503 (1890). 

® Dammer, loc. dt., p. 798. 


Since both the latter compounds are broken up in aqueous 
solution into the following ions : 

[P*Cl 4 ]= and 2K+ 
the conductivity curve is as follows 0 


MOLAR CONDUCTIVITy AT 1000 LITRES DILUTION. 



* Werner and Miolati, loc. cit . ; Werner and Hertz, ibid., 38, 331 (1901). 
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A very pretty transition series of this description has been 
prepared by Kohlschiitter ^ from the thiocarbamide compounds of 
monovalent copper. 



8. The Co-ordination Complexes formed from Compounds of 

Hydrogen. 

(a) The Oxonium Salts. 

l. The Constitution of Oxonium Salts. 

It has been seen already that many compounds possess the 
property of being able to form addition compounds with water and 
its substitution products, and from this it was concluded that the 
central atom possessed an auxiliary valency. 

Examples of this type are : 

CI,Au.OH„ 

[Ni(OH,)„]X„ [Cr(OH,)„]Cl„ [Crg^“^^]ci 

Since the capacity to form such addition compounds is a general 
property, and since there hardly exists an electropositive element 
which does not possess it, then hydrogen would occupy an exceptional 
position if it did not also possess this capacity in its salts, i.e. the 
acids. It is to be expected, in consequence of this, that the 
hydrogen of acids will display a capacity for the addition of com- 
pounds resembling oxides. This expectation is fulfilled, and the 
nature of this type of compound is illustrated by the following 

examples. Acids yield hydrates, thus nitric acid yields the 
following : 

NO 3 H.OH 2 and NO 3 H. 3 OH 2 " 

m. p. -38° m.p. -18-6° 

and perchloric acid the following : ^ 

CIO.H . OHj, CIO.H . 2 OH 2 , C10,H . 2JOH,, ClOjH . SOH^ 

m.p. 60° m.p. — 17'8° m.p. -29*8° m.p. — 43*2° 

* Ber., 86, 1161 (1903). 

* KUster and Kreeman, Zeitsch. anorg. CJiem., 41, 1 (1904). 

* Van Wyk, ibid., 48, 1 (1906). 



1 86 JV£IV IDEAS ON INORGANIC CHEMISTRY 


Such hydrates are often represented as high basic acids without 
conlirming this representation by preparing the corresponding salt 
or ester. 

Such a method of representing these hydrates appears to be all 
the more improbable when the fact is remembered that not only 
oxygen acids, as nitric acid, but also the halogen acids form 
hydrates, e.g. : 

HCl + 2HA HCl + HBr + 2HA HBr + 3HA 

HBr 4- HI + 2HA HI -f- 3HA and HI + 

^ Pikering, Bcr., 26, 277 (1893). 

2 Pikering, Phil. Mag., (5) 36, 111 (1893). 

3 Pikering, Ber., 26, 2307 (1893). 

When it is remembered that the acids form similar addition 
products with organic derivatives of water, as, for example, with 
alcohols, ethers, aldehydes, ketones, etc., some of which, at any 
rate, cannot be formulated as derivatives of higher basic acids, as, 
for example, the following compounds : 

H3C\ H^Cx H3Cx 

>O.HCl >0.HBr >O.HI 

H3C/ H3C/ H3C/ 

then it appears probable, that all such addition products of the 
oxygen compounds should be formulated differently. 

Following the example of Collie and Tickle^ and of Baeyer and 
Villiger,^ attempts have been made to explain the formation of 
such addition products with organic compounds by supposing 
oxygen to be tetravalent. The same hypothesis had been used 
earlier to explain the addition of dimethyl ether to hydrochloric 
acid. The general name of oxonium salts has been applied to these 
compounds. According to this conception the addition product 
formed by the addition of dimethyl ether to hydrochloric acid is to 
be formulated 

\ci 

Oxonium formulae have also been proposed for the products of 
the addition of organic oxides to metallic salts, while the hydrates, 
strange to say, have been left untouched. 

* Tmns., 76, 710(1899). 

2 Be)\, 34, 2679, 3612 (1901). 
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The theory of tetravalent oxygen makes it possible to bring into 
agreement the formulae of many of these addition-compounds, yet it 
is unable to provide constitution formulae for all the members of 
this class. For it excludes all those compounds which contain more 
oxide molecules than acid residues, i.e. all such compounds as 

MeXa + 3^2^, MeXg -|- 4 R 2 O, MeXg -j- GRgO, etc. 

The formulae, however, embrace many hydrates and compounds 
similar to hydrates, which on account of their mode of formation 
and properties are quite comparable to the oxonium salts. We 
must, therefore, choose a theory which will provide a constitution 
for the oxonium salts and also a satisfactory constitution for all 
those compounds which are formed by a similar addition of oxides. 
Such a foundation is to be obtained from our discussion of the con- 
stitution of the hydrates, when it was supposed that oxygen not 
only possesses two principal valencies but also an auxiliary valency, 
the saturation of which leads to the formation of addition- 
compounds : 

R\ Rx 

>0 + MeX = >0 . . . MeX 

R/ R/ 

When, in this equation, Me is replaced by H, an equation account- 
ing for the formation of the addition-compounds of oxides with 
acids is obtained. The constitution of the oxonium salts, therefore, 
will be represented by formula II. ; the old formula which contains 
tetravalent oxygen is also given for comparison : 

R\ A\ R. 

>0/ >0 . . . HX 

R^ \X r/ 

II. 

Consequently, according to our ideas oxonium salts do not 
contain tetravalent oxygen, but, in a purely structural chemical 
sense, trivalent, i.e. oxygen links together three radicles. 

The existence of anomalous oxonium salts gives support to the 
auxiliary valency formula of oxonium salts. The existence of 
anomalous oxonium salts is not easily explained by tetravalent 
oxygen, for if the addition-compounds of oxides with acids be 

explained by this theory, then the oxygen atom in should be 

\r 

saturated when a single molecule of HX has been taken up ■ 
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/R 

A further addition of 0 <^ , is impossible, or it must be supposed 

that oxygen chains are formed in the following way ; 

R R 

H— (^— i— X 

I I 

R R 


Rut no satisfactory reasons in favour of such a formula can be 
obtained, and it is all the more untenable since chain-formulae for 
the hydrates of metallic salts, for the metallic amraino-complexes, 
etc., to-day afe accepted universally as incorrect. 

On the other hand, the auxiliary valency formula leads us to 
expect that the hydrogen in IIX, just as metallic atoms, would be 
able to exercise more than one auxiliary valency, and on this 
account would take up more than one molecule of the oxygen 
compound — a behaviour which finds expression in the following 
formulae : 


x,h...or2, x.h<; 


/ OR. 


\ 


^OR. 


/ ORg 

X.Hvf ORg, etc 
. ORg 


Compounds in which hydrogen takes up more than one molecule 
of oxide we will call “ anomalous oxonium salts.” A great number 
of these are already known, thus pyrone forms a chloroplateate 
with chloroplatinic acid, which has the composition [PtCleJHg 
(CsHjOg)]^, and consequently must have the following constitution : 



.0C,H,0 

'0C,HP 

OCgHp 

•0C,H,0 


Bain^ has prepared from dimethylethylpyrone the anomalous 
chlorhydrate (G9H]202)2HC1 + 2H2O. 


1 Tram.y 89, 1224 ( 1906 ). 
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Further, the following perhalide salts are known : 

(C 7 H 802 ) 2 HBr 3 , (C7H802)2HT3 ^ Dimethylpyrone, 

(CH3COOH)2HBr3,^ (Ci7H40)2HT5 Dibenzylacetone, 
(CiiHj 202 ) 2 Hl 5 Monoanisylacetone, 

(Ci9Hi 803)2HI, Dianisylacetone, and (CigH, 803)01113.=* 


* Collie and Tickle, loc. cit., 77, 1115 (1900). 

* Steiner, Ber., 7, 181 (1874). 

^ Hantzsch, Anyialen^ 349, 1 (1906). 

The hypobromperbromide of santonine of Wedekind is to be 
formulated thus : 

j hbi-3 ^ 

* Ber., 41, 361 (1903). 


Pickard and Kenyon * have prepared a great many anomalous 
oxonium salts which are derivatives of phosphine oxide corx'e- 
sponding to the following general formulae : 

2R3PO . HAuCI, 2R3PO . HHgl3 

4R3PO . H2PtCl3 6R3PO . R^PtCl^ 


Borsche and Menz have observed an anomalous chloroauriate 
of phenyl-R-pentenon. have also drawn attention to some 
inorganic anomalous oxonium salts. For, starting with the hydro- 
oxonitrotetraminine cobalt salts and acting on them with ammonium 
salts, it was possible to prepare the following compounds, which 
crystallize magnificently : 


[c‘(ESfN),CoOH)] HCl + 4H3O 



CoOH 




A further ground for the acceptation of the auxiliary valency 
formula is found in the fact that constitutional formulm concordant 
with their formation and properties are given to the analogous 
addition products of metals and acids. 

Just as the hydrogen of acids is able to form addition compounds, 
BO in like manner the metallic atoms in certain salts take up oxygen 
compounds. Copper chloride in aqueous solution combines with 


• IVotM., 89 , 262 ( 1906 ). 


* Ber., 41 , 197 (1908). 
Ibid,, 40 , 4122 (1907). 
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dimethyl pyrone, forming a compound with the formula ClgCu. 
C^HgOo, and the constitution of which corresponds to the ordinary 
salts of dimethyl pyrone, thus : 

OC,HgO + HCl = OC^HgO . . . HCl 
OC,HgO + CuCl^ = OC^HgO . . . CuCI^ 

Cobalt chloride, zinc chloride, mercuric chloride, etc., form similar 
addition compounds. 

Xanthone and other oxygen compounds also yield such addition- 
compounds. Kehrmann prepared the nitrate of phenanthrene 
qiiinone, and this latter compound gives well-characterized addition 
products with zinc chloride, mercuric chloride, and mercury cyanide. 
Pickard and Kenyon’ have prepared the following anomalous 
oxonium salts of phosphine oxide : 

2 (CHg) 3 Po . Znl„ 2(C2H,)3P0 . CuCI„ 2(CeH3)3PO . CdL, 

2(CA),T0 . ZnCL^ 2(CgH,)3PO . HgCl^, 2(CeH3)3Pb . CoClg, 

2(CA)3P0 . Znl, 

and the following two were already known : 

. Znl, 2 2(CA)3P0 . CuSO^ ^ 

Porsche and Menz ^ have shown that phenyl-R-pentenone forms 
crystallized addition-products with mercuric chloride and ferric 
chloride. 

From all these facts it must be concluded that since organic 
oxygen compounds are able to form addition-compounds with both 
acids and metallic salts, similar constitutional formulae must be 
given to the resulting products of both classes. 

2. Review of Oxonium Salts. 

(a) The Inorganic Oxonium Salts. 

All inorganic compounds which are similar to hydrates and 
have the general formula, 

g>O.HX 

(R being an inorganic radicle), are to be considered as inorganic 
oxonium salts. 

‘ Tra/ns.f 89 , 262 (1906). 

® Hofmann, Atmalen, Suppl. 1861, p. 2. 

® Petal, Annalenj 120, 194 (1862). 

< Ber., 41 , 197 (1908). 
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The hydrates of the acids (Il20)2 HCl, (H20).2HBr, etc., form one 
small group. But much more numerous are those oxoniura salts 
in which the hydrogen of the acid is linked to the oxygen of a 
metallic hydroxide, and consequently has the following formula : 

With the metallic atom other groups, such as ammonia, water, 
etc., may be bound, so that the corresponding formula then is ; 

These compounds, which are of considerable theoretical im- 
portance, have received much attention during the last few years, 
and the results have shown that all hydrated metallic salts, in 
which the acid residue is indirectly linked to the central atom, 
belong to this group of oxonium salts. In aqueous solution many 
of these salts decompose according to the equation : 

rA„Me^^ -1 A, .Me. 

[ H> - 

i.c. they are partly hydrolytically dissociated, and therefore the 
solution is acid. Bases regenerate the original oxide : 



from which, by the action of acids, the oxonium salts (aquo salts) 
may be obtained again. The property of forming oxonium salts is 
one which belongs to the metallic hydroxides in general, and will 
be more fully discussed when treating of the theory of bases. 


(5) The Organic Oxonium Salts. 

To the organic oxonium salts belong not only pyrone-like 

^mpounds, as Collie and Tickle assumed, but also, as Baeyer and 

illiger pointed out, all the addition-compounds of acids to 

alcohols, ethers, aldehydes, ketones, etc. The simplest organic 

^onium salts are those which have been prepared lately by 
McIntosh,* namely : ^ ^ 


‘ Ber., 84, 2679 (1901). 

* J. Afner. Chem. Soc., 27, 26. 1013 (1906). 
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CH,OH . HBr (ra.p. -14°), CH3OH . HI (m.p. -48°), CAOH 
. HlSrO^ (m.p. - 30°), (CH^)^ . HBr (m.p. - 22°), 

(CH3),O.HI(m.p.-15°), (CH3),C0.HN03(in.p.-18°), [(CA),0], 
.HOSO^Cl (m.p. -45°). 

[(CH3)2C0]2H0S02C1 (m.p. -30°). 

The following compounds also must be considered as oxonium 
salts : the nitrate of cinnamic aldehyde,^ the iodohydrate of 
camphor,^ the chlorhydrate of orcinphthaleine,^ the sulphate of 
fluoresceine,^ the acid compounds of aurine,® the chlorhydrate 
of dibenzoylacetone,® the halide acid compounds of cineol,’ the salts 
of dimethylpyrone,® and all the compounds of ferro-, ferri-, cobalti- 
cyanic acids, and phosphorous tungstic acid with alkylene oxides, 
alcohols, esters, aldehydes and ketones which Baeyer and Villiger® 
have prepared. 

The salts of the natural dyes which A. G. Perkin has prepared 
are also to be included in this group : 


Dye. 

HCI 

HBr 

HI 

HgSOi 

Myricetine OisHmOg .... 

+ 

+ 

+ 

4- 

Quercetine .... 

+ 

+ 

+ 

4* 

Rhamnetine 0196^20, . . . 



1 

+ 

Rhamnazine . . . 




4* 

Morine 

+ 

4* 

+ 

4- 

Luteoline C,sH,oOg .... 

+ H 2 O 

+ H 2 O 

4- 

4- 

Fisetine CisHi^Oe 

+ 

+ 

4“ 

4- 


The oxonium salts formed by the addition of orthophosphoric 
acid and arsenic acid to ketones are very interesting ; examples 


of these are : 


C,H,(CH3)3l 




H3PO, and [Kfi,{COCn,),’]{B.,'PO,y 

COCH3 

1 Klages and Allendorf, Ber., 31, 1298 (1898) ; 32, 1569 (1899). 

The same may be said of the salts of phosphine “ and aminoxyde. 


12 


^ Dumas and P^ligot, Bull. 80 c. Ghitn.f 24 , 160, 241 (1875). 

® K6kul6 and Fleischer, Ber.y 6 , 936 (1873). 

* Fischer, Armalen, 183, 68 (1876). 

* Baeyer, ibid., p. 27. * Dale and Sohorlemmer, ibid., 196, 84 (1879). 

® Glaisen and Ponder, ibid.y 223, 142 (1884). 

^ Wallach, ibid., 246, 281 (1888). 

« CoUie and Tickle, Trans., 76, 710 (1899). » Ber., 34, 2979 (1901). 

rmws., 72, 1439 (1896). Pickard and Kenyon, Trans., 89, 262 (1906). 

Willstatter, Ber., 33, 1636 (1900). 
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(b) The Ammonium Salts. 

Since it has been shown already that ammonia and amines link 

themselves, by means of one of the auxiliary valencies on the 

nitrogen atom, to the central atom of oxides, halides, salts, etc., of 

the most diverse elements, then it is to be expected that they 

will combine in like manner with the hydrogen atoms of certain 

hydrogen compounds. It is hardly necessary to say that this 

anticipation has been fulfilled, for these addition-compounds are 

well known. The only point under discussion is the question as 

to whether these new ideas will not provide a more satisfactory 

constitutional formula for the ammonium salts than the old ones 
were able to do. 

The supporters of the theory of constant valency considered the 
ammonium salts purely as molecular compounds, i.e. compounds in 
which the molecular components retained their integrity, and were 

not combined together by atomic valencies. This conception can 
be formulated by the symbol 

[(H3N) (HCl)] 


Nowadays the formation of ammonium salts, e.g. ammonium 

chloride, is explained quite often by supposing that the principal 

valencies of nitrogen undergo an increase ; in other words, it is 

supposed that the trivalent nitrogen of ammonia becomes penta- 

valent and links to itself both components of hydrochloric acid by 

means of these additional valencies. This idea finds expression in 
the equation : 



But the ideas which have been developed in the foregoing pages 

lead to the following explanation. The nitrogen of ammonia still 

contains an unsaturated auxiliary valency, which can be saturated 

by an auxiliary valency of the hydrogen atom in hydrochloric acid. 

The formation of ammonium chloride is therefore illustrated by 
the equation : 


Hx H 

H + HOI = 

H/ h/ 


• • 


HCl 


o 
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Since, according to this formula, four hydrogen atoms are bound 
to nitrogen, it is hardly to be supposed that one hydrogen atom is 
linked up by a greater amount of affinity than any of the remaining 
three ; it is far more probable that a state of equilibrium is reached 
in which all the hydrogen atoms are linked by the same amount 
of affinity. Ammonium is therefore a complex radicle, NHj, in which 
the central nitrogen atom links the four hydrogen atoms to itself by 
the same amount of affinity in each case. On each hydrogen atom 
of the complex ISTHj there is still a certain amount of unsaturated 
affinity, which the radicle is able to utilize external to itself and 
becomes in this way monovalent. Ammonium salts have therefore 
the following structural formula : 

[H:N:i]x 

The different formulae which have been proposed for ammonium 
chloride consequently are as follows : 

H.&<= g : N : H]o,. 

Jlolecular formula Valency formula Auxiliary valency formula 



It is well known that the controversy as to whether the am- 
monium salts were to be classed as molecular or valency compounds 
was of long duration, but finally concluded in favour of the valency 
formula. But the very fact that it was a long controversy shows 
that the question is by no means a simple one. However, with the 
object of offering a final solution to this problem, which appears 
once more under quite a new guise, all the physical-chemical and 
chemical behaviour of the ammonium salts must be passed under 
review. 

The properties of the organic ammonium salts and of the 
quaternary bases are so contrary to what would be expected were 
ammonium salts molecular complexes of indefinite constitution that 
the first formula is quite untenable. Consequently, only the 
valency and auxiliary valency formulae remain to be discussed. 

It may be noted that the chief argument used for the valency 
formula, viz. the direct attachment to the nitrogen of all the alkyl 
residues in the tetraalkyl ammonium salts, can, with equal 
advantage, be used to support the auxiliary valency formula. 

Against the ammonium theory as accepted at present, and for the 
auxiliary valency theory, the following arguments may be brought 
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forward. Firstly, the so-called fifth valency of nitrogen, the 
properties of which are supposed to be like those of the alkali 
valencies, can offer no explanation for such behaviour, for the sup- 
position that the fifth valency has such properties is only a peri- 
phrasis of the fact. Further, when it is remembered that in order 
to be consistent this behaviour must be looked for in all those com- 


pounds which display abnormal valencies, i.e, phosphonium, oxonium, 

thionium, and iodonium salts, etc., and in the supplementary valencies 

of phosphorus, oxygen, sulphur, and iodine, then it is difficult not 

to feel that the assumption is very improbable. An ammonium 

theory having such an assumption for its foundation could have 

been retained only until a better explanation for the phenomena 
was offered. 

The inadequacy of the ammonium theory which requires nitro- 
gen to be pentavalent is clearly seen in the hesitating way in which 
use is made of these latter consequences, and in many cases they 
are not used to explain those chemical reactions which certainly 
are analogous to the formation of ammonium salts. This is par- 
ticularly noticeable in the formuhe which are used to explain the 
formation of double salts (double halides). Thus when antimony 
trichloride takes up one molecule of potassium chloride the 
reaction is certainly analogous to the formation of ammonium 
chloride, and consequently should be formulated in a similar way : 


N 


-b III = 


I.N.R 




-f c]k: = 


Cl . Sb . K 

CI3 


But when this practice is consistently and logically carried out, 

the valency of the central atom sometimes attains a surprisincdy 

liigh value, as m the compounds ferro- and ferricyanide °of 
potassium : 



Should congUtenoy in this way be obtained, it would be of little 
value, for these formula, are unable to explain the remarkable 
agreement m the composition of the maximum types of complex 
salts belonging to the most diverse elements. Moreover, in com- 
mon with all other formula of compounds containing components 
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which dissociate electroljtically, their structure cannot be proved 
directly, because nothing certain can be said of the position in the 
molecule to which dissociating radicles are joined. It must, there- 
fore, be quite clearly understood that those methods which are in 
use at present, give just as little idea of the position in the molecule 
occupied by the potassium atoms as they do of the position occupied 
by the acid residue in ammonium salts. When it is desired to 
determine the constitution of such compounds, derivatives must be 
prepared which are electrically undissociated. As a matter of fact, 
such derivatives of potassium ferrocyanide do exist, 2.e. the esters 
of ferrocyanic acid, and their chemical behaviour shows that the 
organic residue is not linked to the iron but rather to the cyanide 
group. This is true, both of the ethyl ester prepared by Freund,^ 
and also of the phenyl ester which Bamberger*^ prepared. 

In the very few cases in which it is possible to carry out an 
experimental verification of such constitutional formulae, the results 
are contrary to the ammonium theory. 

A further disadvantage of the ammonium theory is seen in the 
fact that it does not allow the formation of ammonium salts and of 
the simple metallic ammino-complexes to be analogously formulated. 
Similarly, although the addition of ammonia to an acid and to a 
metallic chloride, 

CIH + NH3 = CIH . NH3 
CbPt + 2NH3 = CbPt . « 

are completely analogous reactions. In this way is lost a relation- 
ship which is of importance, for it renders possible a method for 
the consistent formulation of the most diverse ammonium salts. 

Again, the customary ammonium formula can give only a 
forced explanation of the process of electrolytic dissociation. 
Nowadays it is almost universally accepted that the electrical 
charge on a monovalent, polyatomic ion is localized on a definite 
atom, for- only in this way is it possible to reconcile this idea with 
the modern atomistic conception of unit charges. Then, when 
providing the ammonium salts with pentavalent nitrogen, it must 
be assumed that their electrical charge is transferred during forma- 
tion from the hydrogen to the nitrogen ; in other words, against all 

1 Ber„ 21, 935 (1888). 

2 26, 480(1893). 

3 In this compound both chlorine atoms are non-ionogene, and con- 
sequently must be in direct attachment with the platinum atom. 
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previous observations it is implied that negative nitrogen has a 
greater tendency to assume a positive character than positive 
hydrogen. It is hardly necessary to say that this is highly 
improbable. 

All these difficulties make it clear that the present ammonium 
theory is unsatisfactory. In what follows it will be shown that 
these and other difficulties resulting from the theory of pentavalent 
nitrogen give way before the new ammonium theory. 

The auxiliary valency formula presupposes that all four hydro- 
gen atoms are linked directly to nitrogen — a supposition which the 
constitution of the tetraalkyl ammonium compounds confirms. 
This theory corresponds to the experimental results at least as well 
as the older formula. But the present theory is better than the 
older one, because it clears up the difficulty, without introducing 
any new hypothesis, which arises from the behaviour of the acid 
residue in the ammonium salts. Bor on considering the following 
formula for ammonium chloride 

[g;N;H]c, 

it is evident that the chlorine of the hydrochloric acid undergoes 
no change in its linking when it becomes attached to the nitrogen 
atom. Consequently the functions of the chlorine in ammonium 
chloride and also in hydrochloric acid are quite comparable to the 
behaviour of the chlorine in platosammine chloride. 

Cl . p, . NH, 

and plato chloride, PtCl^, for in the latter case the entrance of 
ammonia into the molecule does not affiect the dissociation-constant 
of plato chloride, and therefore it is only reasonable to expect this 
to be true of the combination of ammonia with hydrochloric acid — 
a fact, as is well known, which experiment confirms. And since 
the hydrogen can no longer appear as hydrion it confers its character 
upon the ammonium radicle as a whole. Consequently, the auxiliary 
valency formula ofiers, without making any additional suppositions, 

an explanation for the new properties of the molecular components 
of the ammonium salts. 

If the formation in solution of ammonium chloride from amntonia 
and hydrochloric acid is represented by the equation, 
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then the corresponding formation of ammonium hydroxide from 
ammonia and water will be represented bj 

H3N + H + OH = (NH,)V OH, 

or in other words, ammonium hydroxide is to be considered as the 
addition-product of ammonia and hydrion of water. 

This idea explains the enormous increase in electrical con- 
ductivity which water undergoes on the solution of ammonia. An 
aqueous solution of ammonia bears to a solution of ammonium salts 
the same relationship that water bears to a solution of hydrochloric 
acid. Aqueous ammonia and water are bad conductors, and 
solutions of ammonium chloride and hydrochloric acid are good 
conductors. 

Again, this ammonium theory does not require it to be supposed 
that the positive electric charge on the hydrogen atom is trans- 
ferred to the negative nitrogen atom. 

From what has already been said, it will be obvious that the 
auxiliary valency theory is better able to explain the facts of the 
chemistry of ammonium compounds than that which makes nitrogen 
pentavalent. Its superiority is even more evident in the manner in 
which it brings out the relationship between the ammonium salts and 
the metallic ammino-complexes — a relationship which the older theory 
is quite unsuited for giving expression to. But beyond this, the 
auxiliary valency formula is the only one which can provide a 
simple explanation for the so-called ‘‘ anomalous ” ammonium salts. 
These compounds result when the hydrogen of the acid takes up 
nob only one but two molecules of ammonia. The following equation 
makes clear the reaction by which “anomalous” ammonium salts 
are formed, 

-NR, 

XH + 2 iSrR ,3 = X . H: 


This equation is quite as characteristic for certain classes of 
derivatives of ammonia as that describing the formation of simple 
ammonium salts : 


XH -f NR. = 
* 



from ammonia and simple amines. 
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We have to thank Wheeler and his pupils for our knowledge of 
a great many of such anomalous ammonium salts ; the author * has 
collected the references and recently published an entire list of them. 
Thus the following anomalous ammonium salts of simple amines 
are known : 


2NH,.HBr,^ Py^.HBr,, (NH,OH), . HCl,^ (sec. C,H,NHo) 2 HI/ 

CH 

(tert. C,H,NH 2 ) 2 HI; 


^10^6 


% 


CH 


NH 


[C7H„N],HC1,5 (NHPH),HI,« (NH^OHXHI,^ 
(C,H,ON),HCl, (C,H«ON)2HBr.’ 


HCl,-* 


J2 


‘ Rec. d. trav. chivi. d. Pass-Bas., 4, 3G1 (1885). 

2 Annalen, 84, 242 (1852). 

^ Rudnew, J. py-. Oiem., 46, 305 (1849). 

^ AnnaUn, 247, 305 (1888). 

" I5id., 289, 240(1887). 

« Dunstan and Goulding, Trans., 69, 839 (189G). 

^ “ Pyrolidon salts,” Tafel and Wasmuth, Bcr., 40, 2834 (1907). 


It is distinctly worthy of note that compounds are known in 
which more than two molecules of ammonia are linked to acid 
hydrogen ; the following have been definitely characterized : 

(TT.N), . HCl,* and (H,N), . UNO," 

' Joannis, Compt. rend., 135, HOG (1902). 

Zeitsch. physikal. Chem., 26, 108(1898). 

The existence of anomalous ammonium salts shows tliat one of 
the hydrogen atoms in such salts, as a result of its unsaturated 
chai actor, can play the same part as the metallic atoms in the 
metallic amraino-compounds, and is consequently functionally 
different from the remaining hydrogen atoms. 

The following conclusion may be drawn from the foregoing 
discussion : All the properties of the ammonium salts are con- 
sistently explained by the auxiliary valency formula, and that in all 
those cases in which the pentavalent theory of nitrogen leads to 
untenable results or requires the aid of improbable hypotheses, the 
auxiliary valency formula simply and clearly explains the experi- 
mental facts. Hence we conclude that the ammonium compounds 

* Ber., 36, 148 (1903). 
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are not derived from pentavalent nitrogen, but 
to the following formula : • , 



correspond 


rather 


In his chapter on ammonium in Abegg^s Handhuch der Anor- 
ganisclien Chemie (vol. iii.), v. Braun, has shown in a masterly way 
how simply and consistently all the facts of ammonium chemistry 
may be explained when using this formula. 


Thepry of Bases and Acids. 

(a) Theory of Bases. 

1. The Hydroxometallic Ammino Salts. 

(a) Introduction. 

The hydroxometallic ammino salts are a group of salts which 
are of considerable theoretical importance, and one which during 
the last few years has been thoroughly examined. The members 
of this group contain in the complex hydroxyl linked directly to 
the central atom, as, for example, the hydroxopentammine cobalti 
salts : 



Pfeiffer,^ while working on chromium compounds, was the first to 
recognize the existence of this class of compound. He showed that 
they formed salts by the addition of acids, and were regenerated by 
splitting ofi* the acids, thus : 

Pyo OHoCl HCl Pya OlAfil 
CrOH ^ CrOHgCl 
HgO OH NH3 H2O OHgCl 

I was then able to show that such hydroxo salts were formed 
by the ammino salts of cobalt, ruthenium, and platinum. A 
comparative examination of these compounds caused me to extend 
considerably the theory of bases. These changes are set forth in 
the following sections. 

* PfeifEer, “ Uber eine neue Klasse salzhildender Metallhy&roxydeT Ber.t 
81,1864 (1906). 
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(6) Properties of the HydroxoTnetdlUc Ammoniates, 
The examination of the following hydroxo series : 



^°Co(NH3),]x„^ 


* Werner, 40, 4117 (1907). 

2 Ibid., 4098 (1907). 

" lUd., 4113 (1907). 

« lUd., 272 (1907). 

* Ibid., 272 (1907). 

® Werner and Dabsky, ibid., 4092 (1907). 

' JUd., 4085 (1907). 

" * Werner, iWd., 468 (1907). 

* Ibid., 2614 (1907). 

Ibid., 2614 (190V). 

has yielded the results given below : — 

1. Behaviour towards Silver Nitrate. 

Only the salts in the first series are able to precipitate silver 
oxide from a solution of silver nitrate. 


2. Behaviour towards Litmus. 

% 

The salts belonging to the first eight series of compounds react 
alkaline ; those of the first series are strongly alkaline, the 
remaining are only weakly alkaline. The members of the ninth and 
tenth series are neutral. 


3. Behaviour towards Ammonium Salts. 

Those salts which belong to the first three series liberate 

ammonia, in the cold, from ammonium salts, thereby passing into 

aquo salts. The members of the remaining series have not got this 
property. 

4. Behaviour towards Carbon Dioxide. 

The salts of the first five series absorb carbon dioxide, thus 
becoming carbonato-salts ; the members of the first series exhibit 
this property most strongly. The salts of the last five series do not 
absorb carbon dioxide. 
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5. Behaviour towards Acetic Acid. 

The salts of the first eight series are more soluble in acetic acid 
than in water. On solution they are transformed into aquo salts 
From solutions of 1, 2, and 3 metallic salts precipitate aquo salts’ 
but from 4, 5, 6, 7, and 8, hyroxo salts are again precipitated. 
The salts of 9 and 10 do not form aquo salts with acetic acid, and 
they are therefore no more soluble in acetic acid than in water. 

C. Behaviour towards Mineral Acids. 

All the series form aquo salts with mineral acids. This 
tendency is weakest in the last series, which, although two hydroxyl 
groups are in the molecule, only take up one molecule of hydro- 
chloric acid. From the hydrochloric acid solutions of series 1 to 8 
aquo salts are usually precipitated by metallic salts ; but certain 
reagents will precipitate hydroxo salts in series 4 to 8. The salts 
of series 9 and 10 are always precipitated from acid solution as 
hydroxo salts. 

From these considerations it is evident that the hydroxo salts 
exhibit great differences amongst themselves in aqueous solution, 
and display all possible stages between the strongly basic hydroxo- 
nitrotetramminecobalti salts up to the completely neutral dihydroxo- 
tetramraineplatinum salts. 

(c) 071 the Condition of the BydroxometalUc Ammoniates in Aqueous 
Solution. 

The examination of the metallic ammino-complexes has shown 
that in the anhydrous forms the acid residue is directly linked to 
the central atom, but in the hydrated forms it is ionized. The 
formation of hydrates is consequently the first action that takes 
place on the electrolytic dissociation of a salt in aqueous solution : 

Chloro salt Aquo salt 

(One chlorine atom undissociated) (All chlorine atoms dissociated) 

These hydroxo-compounds behave just like the other metallic 
ammino-complexes, i.e. the hydroxyl directly attached to the 
metallic atom remains undissociated, and the electrolytically dis- 
sociated portion of the hydroxo-compound is present in aqueous 
solution as the hydroxide of an aquo-compound : 



THE CHEMICAL COMPOUNDS 


203 


Hydroxo-compound 
(Hydroxyl undissociated) 


OHo lOH 

L^°(nh,)Jci, 

Aquo-compound 
(Hydroxyl dissociated) 


This conception is founded on the following observations : — 
That the hydroxyl-compound as such is present in solution is 
evident from the fact that it is possible to salt it out by the 
addition of metallic salts. 

The absorption of carbon dioxide is a further argument for the 
existence in solution of unchanged hydroxo-compound ; for the 
carbonatO'Salts which result from this absorption are to be con- 
sidered as being produced by direct addition of carbon dioxide to 
the hydroxyl group in the hydroxo-complex : 



X, + CO, = 



O . CO.H'I 

(NH,), J 



Hence it follows that in solutions of all hydroxo salts, including 
those which are most strongly basic, unchanged hydroxo-compounds 
must be present. 

On the other band, the simultaneous presence of aquo-compounds 
is argued from the following facts : — 

All the hydroxo-compounds are transformed into aquo-coiu- 
pounds by the addition of acids to their solutions, thus : 

OH •!++ — + _ r Qg -|+ + + — 

+ X, + (H + X) = ) ] + 3X 

and the quantity of aquo salts, which is formed doiiends upon the 
strength of the acids and the concentration of hydrion. Further, 
since water itself is partly ionized it follows that the formation of 
aquo-bases must also take place in aqueous solution : 

^®(NH 

It may be asked, is it not possible that a certain amount of the 
hydroxo-compound exists in solution in a dissociated but not 
hydrated condition? The answer to the question is, that nothing 
supports such a supposition. Against the idea, however, it may be 
urged, that the action of acids on dissolved hydroxo-compounds 
never yields those anhydrous compounds which would be given 
were such salts present, but always aquo-salts. 


a)i 




-h 2X H- OH 
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Consequently it is to be concluded that only two types of com- 
pounds are present, namely, the hydroxo-compouhds as such, and 
their hydration products, the aquo-bases, and further, that of 
these two types of compounds only the aquo-salts behave as true 
bases, i,e. they dissociate in solution yielding hydroxyl ions. The 
hydroxo-compounds are related to the aquo-compounds in the same 
way that ammonia is related to ammonium hydroxide. They are 
therefore basic anhydrides, and, in order to avoid confusion, they 
will be termed Anhydrobases, and the products of their hydration 
Aquobases. 


2. Generalization of the Results. 

(a) Application to Metallic Hydroxides. 

The hydroxometallic ammino-complexes are members of the 
great group of metallic hydroxides. They differ from most of the 
other metallic hydroxides only in the fact that, on account of their 
peculiar constitution (the occupation of most of the co-ordination 
positions of the metallic atoms by ammonia or amines, which, 
liowever, do not take part in the chemical changes), they are most 
suited for experimental examination. A difference in principle in 
the behaviour of those metallic hydroxides which contain ammonia 
and those which are ammonia-free appears very improbable. Con- 
sequently it must be possible, from the results obtained from the 
study of the metallic hydroxides which contain ammonia, to formu- 
late a general theory for the behaviour of metallic hydroxides in 
general. 

Metallic hydroxides are usually defined as bases, and by the 

term “base” is understood hydroxyl-compounds, which in aqueous 

solution dissociate into a positive ion and a hydroxyl ion. 

In this definition it is assumed that the hydroxyl ions in solution 
are produced by the detachment of the hydroxyl groups linked to 
the metallic atoms. This conception, according to which the metal 
and hydroxyl separate, is not in keeping with the observations made 
on hydroxo-metallic ammino-complexes. The metallic hydroxide as 
such, e.g. ferric hydroxide, magnesium hydroxide, calcium hydroxide, 
potassium hydroxide, etc., are not compounds which dissociate 
directly, but rather are anhydro-bases, from which, by the addition 
of water, the true base (aquo-base) is produced. Consequently we 
must difierentiate between two types of compounds not only in the 
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hydroxometallic ammino-complexes, but in general : (a) metallic 
hydroxides as such, which are the anhydro-bases ; and {b) aquo- 
metallic hydroxides, which are dissociated electrically and are the 

true bases. 

(b) General Definition of a Base» 

According to what has been said, then, the metallic hydroxides 
are related to the true base in the same way that ammonia is to 
ammonium hydroxide, or phosphoretted hydrogen to phosphonium 
hydroxide, etc. Metallic hydroxides, ammonia, and phosphine are 
anhydro-bases ; but, on the other hand, aquometallic hydroxides, 
ammonium hydroxide, and phosphonium hydroxide, etc., are the 
aquo- or true bases. From these considerations the following 
definitions are obtained. 1. A difference must he made between 
Anhydro-bases and Aquo-bases, 2. Every compound lohich combines 
with water to form a hydrate, which, in its turn, dissociates in aqueous 
solution into a complex positive ion and hydroxyl ions, is an anhydro-hase. 
3. Aquo-bases, or shortly bases, are all addition- compounds with water 
which form hydroxyl ions in aqueous solutions. 

(c) Subdivisions of Anhydro-bases, 

According to the element to which the water atom attaches 
itself will it be possible to form sub-groups of the anhydro-bases. 
Such would be nitrogen, oxygen, phosphorus anhydro-bases, etc. 
To the oxygen anhydro-bases belong all those oxygen compounds of 
the metals and all the organic oxygen compounds which form 
oxonium salts. In this class must be included also all the quater- 
nary ammonium, phosphonium, and arsonium bases, and further the 
Bulphonium, iodonium, and tertiary oxonium bases, all of which are 
comparable to the metallic hydroxides : 

R4N . OH, R,P . OH, R3S . OH, Rgl . OH, R^O . OH 

To the nitrogen anhydro-bases belong ammonia, amines, and 
certain metallic amides, etc. ; to the phosphorus anhydro-bases 
phosphoretted hydrogen, the phosphines, etc. Finally, it must not 
be forgotten that the most varied elements can appear in their 
compound as anhydro-bases. 
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3. On the Behaviour of AquometalHc Hydroxides on Salt Formation. 

(a) On the formation of Anhydro-salts from Aquo-hases. 

According to the new theory of bases, it is to be expected that 
basic metallic hydroxides and analogous compounds would always 
form aquo-salts when neutralized with acids : 

[g ; o . njoH + Hx = [I ; o ■ h]x + h,o 
; o . hJoh + hx = ; o . h]x + Hfi 

Although, as a matter of fact, most hydroxo-metallic amino- 
complexes form aquo-salts and a similar behaviour can be proved 
in the case of certain ammonia-free hydroxo-compounds, e.g. 

+ 2XH = [ggcr(OH,)Jx, 2H,0 

yet it should be noted that anhydrous salts are often obtained on 
neutralizing metallic hydroxides with acids. A disagreement con- 
sequently exists between the behaviour to be expected according to 
theory and that which experiment reveals. This disagreement, 
however, is only apparent, as can easily be proved from certain 
observations made on some metallic ammino-complexes. 

With reference to the stability and existence of aquo-salts, the 
following has been proved. All the hydroxo-salts in the series 
already given (p. 201), as far as they possess the property of 
forming aquo-bascs, yield aquo-salts which have been obtained in 
the solid state. But it also has been shown that there is a regular 
gradation in the stability manifested by these aquo-salts. This will 
be discussed under the aquo-chlorides. 

The most stable chloride in this series is aquonitrosotetrammin- 
rutheniuin chloride, for it is only transformed into the anhydro-salt 
on long heating with hydrochloric acid. Diaquodipyridinediammir 
cobalt chloride is almost as stable. On the other hand, the aquo- 
chlorides in series 4 to 7 pass into chloro-compounds on standing 
for a long time in cold hydrochloric acid, while aquopentammine 
cobalt chloride and diaquotetrammine cobalt chloride are transformed 
by simply leaving a concentrated solution of these salts to stand. 
Nevertheless all these aquo-chlorides are sufficiently stable to be 
precipitated unchanged on the addition of hydrochloric acid to their 
aqueous solutions. 
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Very different behaviour is exhibited by the aquo-series of the 
strong bases, derived from the hydroxonitrotetrammine salts. For 
anhydro-salts are precipitated from aqueous solutions on the addition 
of hydrochloric acid, and even by potassium chloride, so that the 
aquo-chloride 

cannot be prepared by this method. It may, however, be prepared 
by another method, but the salt is so unstable that, on keeping for 
a short time, it passes into the anhydro-salt. The water in the 
nitroaquotetrammine cobalti radicle, 

[^2co(NH,),] 

is consequently so labile, that the existence of the aquochloride can 
only be shown under special conditions, and in the following case it 
is quite impossible to obtain the aquochloride. Chlorodinitrotri- 
ammine-cobalt, 

is an intensely red compound, which slowly, but in great quantities, 
dissolves in water, giving a yellow solution and forming the aquo- 
compound. From this solution the addition of potassium chloride 
always precipitates the anhydrous compound. On treating the 
chloride with silver oxide, a solution of the base is obtained, which 
is so strongly alkaline that it immediately precipitates silver oxide 
from a solution of silver nitrate. 

Iheso facts prove that the instability of the free acjuo-salts in no 
way contradicts the assumption of the existence of aquo-bases and 
aquo-salts in solution, but shows rather that a relationship exists 
between the strength of the base and the stability of the aquo-salts ; 
for the stability decreases as the strength of the base increases.' 
Consequently the phenomenon that the strongest metallic hydroxide 
bases, e.g, those of the alkali metals, preferably yield anhydrous 
salts, is to be explained by the assumption that the aquo-salts, 
which are primarily formed, are too unstable to exist. 

(/O On the Influence of the Nature of Acids and Bases on the Stability 
and Existence of Aquo-salts. 

The greater or less stabUity of the aquo-salts will depend, on the 
one hand, upon the strength with which the water is bound in the 
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molecule, and, on the other hand, on the tendency of the acid 
residue to form the anhydrous salt. Since this tendency is depen- 
dent upon the nature of the basic and acid radicle, it follows that 
the stability of the aquo-salt varies with the nature of the acids and 
bases of which it is composed. Experiment confirms this prediction, 
but the results cannot be discussed here, since it would take up too 
much space.' 

4. Oa tJiB GcTieticEl Reldtions hetween ATihydT 0 ~l)CiS 6 S (i 7 id A^uo-bascs. 

In solutions of metallic hydroxides are to be found simultaneously 
the non-dissociated anhydro-base and the dissociated hydrated base ; 
it is therefore of interest to know what are the genetic relations 
of these two compounds. This is obtained from the following con- 
siderations. The aquo-salts yield, as has been experimentally 
shown, two types of compound, namely, the anhydroform, produced 
by the substitution of water in the molecule, thus : 

+ h, 0 = [coj^^^jci, 

and the form produced by the addition of acids to the anhydro-base, 
thus : 

+ HOI - [Oo°H| Joi. 

Corresponding to these equations, aquobases may be formed 
theoretically in two different ways ; they may be produced either 
by the substitution or by the addition of water, thus : 

+ h . oh = 

The first equation supposes that the reaction takes place, through 
the loosening of an oxygen-metallic linking in order that a similar 
linking may again be formed. Such an assumption is very im- 
probable, and all the more so since the same result, i.e. the forma- 
tion of the aquobase, can be brought about much more simply by 
the addition of water to the hydroxyl group. A further argument 

1 Cf. Werner, Ber., 40, 4140 (1907). 
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for the second equation is that it is the more probable from the 
electric standpoint, thus : 

2C1 +(h + Oh) = [Co®^%J^''V 2C1 +OH 

For it is difficult to understand why the active hydrogen ions 
should take no part in the reaction, while the inactive, undissociated 
water molecules played the chief role. The formation of aquo- 

and anhydro- 

bases consequently can be defined in the following words : Anhydro- 
ha$e8 are compounds whichf in aqueous solution^ combine with the 
hydrion of watery and in this way disturb the dissociation equilibrium 
of water until the concentration of the hydroxylions reach that value 
which is characteristic for the compound. 


bases, then, takes place according to this last equation, 


5. On the Strength of Bases. 

The process by which aquo-salts are formed from hydro-corn 
pounds and acids is a reversible one, and may be formulated thus ; 






The equation towards the right gives expression to the phe 
nomena of hydrolysis, and receives attention in a later paragraph. 
The formation of aquo-bases is also reversible : 




From this it follows that the production of anhydro-bases from 
aquo-Imses is a hydrolytic reaction, the value of which depends upon 
the strength of the base ; for the more trifling the hydrolysis, the 
stronger will be the base. Consequently the quantity of aquo-base 
formed chiefly depends upon the concentration of hydrion and the 
affinity of the base-forming element for hydrion. Since the electro- 
lytic dissociation of water is small it would only be possible for 
large quantities of the dissociated base to be formed, when the 
base-forming element displays great affinity for hydrion. That 
this property is of great importance to the strength of the base, 

can bo convincingly demonstrated by examples of the following 
description. ^ 

Si 




. ( ' 



r/r 


V 

( 


- r 


^'V 
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The series of compounds corresponding to the formula, 

Hydroxopentammine salts Hydroxoaquotetrammine salts 

x[(H,N),Cogg] 

Hydroxonitrotetraminine salts Hydroxodinitrotetrammine salts 

have been examined to test their basic character. 

The presence of the strongly negative nitro-residues in the 
complex radicles of the two latter salts would lead one to expect 
that the basic character of their hydroxyl groups would be weaker 
than those in the two former salts. In reality, however, the two 
latter salts are much stronger bases than the former pair, for the 
complexes containing the nitro-groups precipitate silver as oxide 
from silver nitrate solutions, while the complexes in which the 
nitro-group is absent are unable to do so. 

From these facts it is evident that the basic character of these 
compounds depends to a great extent upon the afiSnity of the 
complex for hydrion. The same is true of the complex organic 
bases, as the quaternary ammonium, phosphonium, sulphonium, 
and iodonium bases, in which the positive radicles are formed 
chiefly from the metalloid elements. Finally, the production of 
strong bases by the addition of quinoline or pyridine to mercuric 
oxide ; the formation of bases, like those of the alkalis, through the 
addition of ammonia or amines to weakly basic metallic hydroxides ; 
and lastly, the fact that triphenylmethyl carbinol, although con- 
taining three negative phenyl residues, is a much stronger anhydro- 
base than alcohol, etc., are phenomena which are to be reviewed 
from the same standpoint. 

(b) Tfie Theory of Acids. 

1 . Definition of an Acid. 

At the present time acids are defined as compounds with 
hydrogen which, on solution in water, dissociate, giving hydrion. 
A critical examination of the behaviour of such hydrogen com- 
pounds leads to the result, that the definition does not describe 
what takes place on their solution. This statement is based upon 
the following reflections. 

Acids are characterized by the fact that their hydrogen atoms 




(H,N)_ OH] 
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are able to form salt-like addition-compounds with very different 

kinds of molecules. Such addition-reactions are, for example, the 
following : 

XH + NH3 = XH . NH, 

/H H 

XH 4. 0/ = XH . 0/ 

\Me \Me 

Additions similar to those in which ammonia, amines, and metallic 
hydroxides take part are also taken part in by alcohols. Thus, 
McIntosh^ was able to isolate the following addition-compounds at 
low temperatures from alcoholic solution : 

CH3\ CH3. C3H3. 

. HBr, \0 . HI, . HNO3 

H/ H/ H/ 

It IS therefore to be expected that, in aqueous solution, acids 
will also combine with those radicles of water which are able to 
form such addition-compounds. Of such radicles water yields two 

VIZ the molecule itself and hydroxylion. Consequently, there are 
to be expected oxonium salts : 

HoO -h HX = H,0 . HX 
and addition-products with hydroxylion : 

H -f OH -f HX = H -f HO . HX 

The latter reaction can be imagined as taking place through the 
dissociation of the hydrate ; 

XH . OH, XH . O^H -i- H 


acid! f 4 «°l"«ons of 

hydrogen from the acid, but rather comes directly from the water, 

and wnsequently water plays the chief part when hydrogen com 
pounds act as acids. ^ “ 

In agreement with this statement is the fact that these hydrogen 

^mpnds m other solvents, e.g. HCl in trichloracetic !cid,“do 
not form hydrogen ions. ’ 

onl! l! those just discussed are obviously 

only special types of the addition-compounds which already have 

* J. Amer. Chem, Soc., 27, 1013 (1906). 
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received full treatment. The metallic atom in the metallic salts is 
able to play an exactly analogous part to hydrogen in the acids. The 
compounds of tebravalent platinum afford an illustration of this 
behaviour. Plate hydroxide and plate chloride form addition- 
compounds with water corresponding to the following equations : 

(HO),Pt + 2HoO = (HO),Pt(OH2)2 
Cl,Pt + 2K,0 = Cl,Pt(OH2), 

which in conformity with the ionic theory may be written : 

(HO),Pt 4- 2H + 20H = (HOXPt(OH)2 + 2H 
and Cl,Pt + 2H + 20H = Cl,Pt(OH )2 -f 2H 

From this it follows that HCl, HBr, etc., are not analogous to 
Cl 4 pt(OIl 2)2 but rather to PtCh, i.e. they are, just like the latter, 
to be considered as acid anhydrides. Since under the term ‘‘acid 
anhydride ” a definite kind of oxide is understood, in what follows, 
and in keeping with the term “ anhydro-base ” compounds such as 
XH, Pt(OH) 4 , PtCh, etc., will be called “ anhydro-acids.” 

The following definitions describe the conception of an acid : 

1. A difference must he made between anliydro-acids and aquo-acids. 

2. Every compound which with water forms a hydrate, which is 
dissociated in aqueous solution into hydrions, is an anhydro-acid. 

3. Every addition-compound formed with water, which in aqueous 
solution dissociates into hydrion, is an aquo-acid, or shortly, an acid. 

Anhydro-acids may, in keeping with the electro-chemical theory, 
be defined as follows ; 

4. Compounds which in aqueous solution combine with the hydroxyl 
ions of water, and in this toay disturb the dissociation equilibrium of 
water until a value is reached which is characteristic for that compound, 
are anhydro-acids. 


2. Sub-divisions of Anhydro-acids. 

According to the nature of the element which combines with 
the oxygen of the water molecule is it possible to sub-divide 
anhydro-acids. 

In the first great group are the hydrogen acids, i.e. the com- 
pounds of hydrogen in which the latter has the property, in the 
sense of the following equations, of combining either with water or 
hydroxyl : 
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XH + OHs = XH . OH2 
XH + HO 4- H = XHOH -j- H 

To this group belong the halogen acids and also a great number 
of the oxygen acids, Hke nitric acid, perchloric acid, etc., the 
hydrates of which can be isolated under suitable conditions. 

Many of the so-called oxygen acids are certainly to be classed as 
anhydro-acids. The following arguments support this statement. 
The hydrogen of nitric acid has the property of forming an addition 
compound with ammonia, and hence in aqueous solution hydroxl ions 
will also combine with the hydrogen atom : 

NO,H + HO + H = NO3H. OH + H 

and in this way the concentration of hydrion in solution increases, 

and this reaction, on account of the unsaturated character of the 

* hydroxyl ions, will always predominate in solution. Other oxygen 

compounds will form acids which set up an equilibrium with their 

free forms or with derivatives poorer in water. Thus, carbonic 

acid, sulphur acid, etc., illustrate such a case, for their derivatives 

poorer in water, i.e, CO2, SO^, etc., combine with hydroxl ions, and 
thus act as anhydro-acids : 

0,0 + HO + H ^ 0,0 . OH + H 
0,S + HO + H ^ 0,S . OH + H 

From this standpoint it is possible to determine which compound 
acts as the anhydro-acid. 

To the class of anhydro-acids also belong such metallic hydroxides 

as Zn(OH)„ A1(0H)„ Pt(OH)„ Pb(OH)„ Sn(OH)„ and we have 

consequently zinc anhydro-acids, aluminium anhydro-acids, etc. 

Finally, it may be stated that the most diverse elements yield 

compounds which are able to combine with hydroxylion, and hence 

such compounds exercUe the characteristic function of anhydro- 
acids. ■' 


3 . On the Behaviour of Ai/uo-acids on Salt Formation 

In the aqueous solutions of hydroxide bases and hydrogen acids 
we assume the presence of aquo-bases and aquo-acids, which can be 
expressed by the following formulae : 



+ OH and (XH . OH) -f- ft 
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When such solutions are mixed, the hydroxyl and hydrogen 
ions form water : 


R 


H 


O.H 


-hOH+(XH.OH) + H = H,0 + 


R 


H 


O.H 


+(XH.OH) 


and the equation shows that in hydrated ions R . OH^ and X . HgO 
are still pi’esent. In this way we come to the same conclusion 
which, on other grounds, has also been attained, viz, the ions of dis- 
sociated salts combine with the solvent to form complex ions. It 
depends upon the nature of the base and acid whether the salt on 
crystallization crystallizes with or without some of the solvent. 
This has already been made clear when discussing the bases. / 

/ 

(c) On Amphoteric Compounds. 

There are some chemical compounds which a^e able tg lake up 
hydrion and hydroxylion. Such compounds will, when the capacity 
for taking up either of these ions does not pi^ectomimlte in either 
direction, display in solution neither strongly basic nor strongly 
acidic characteristics. When dissolved in acidic solutions, i.e. 
solutions in which the concentr^.tkjh^ of hydripb is considerable, 
then they will take up hydrion and behave cons^uently as anhydro- 
bases. On the other hand, should they be /dissolved in alkaline 
solutions, i.e. solutions in which the concentration of hydroxylion is 
great, then they will take up J^ydroxylion, thus behaving as anhy- 
dro-acids. Typical examples 6f this type are zinc hydroxide and 
aluminium hydroxidpc^ In ^crd solution aquo-salts are formed 
according to the genWal Equation ; 

MeOli + yx = (MeOHo)X 

and in alkaline solution hy^rj/xo-salts are formed thus : 


MeOH + = 


OH 


M 


% 


K 


OH 


Compounds which can react according to both these equations 
are called amphoteric compounds. Amphoteric compounds are not 
those which can yield on dissociation both hydrion and hydroxylion, 
but rather those which can take up both hydrion and hydroxylion. 
Pfeiffer^ has already drawn attention to this definition, which is a 
logical consequence of the new theory of bases and acids, 

' Ber., 40 , 4036 ( 1907 ), 
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(d) The Theory of Hydrolysis. 

At the present time, hydrolysis is supposed to be a chemical 
decomposition which takes place according to the following 
equation : 

Me + X + H + OH = MeOH + H + X 


the final equilibrium being dependent on the degree of dissociation 
of the resulting products. 

This conception of hydrolysis is inadequate to explain a number 
of phenomena which have been observed amongst the aquometallic 
ammino-complexes, and which are certainly to be referred to 
hydrolytic changes. In order to make this clear let us consider the 
following hydrolytic change in the aquometallic ammino-salts. 

There exist a series of hydroxopeiitammincobalti salts ^ : 



which can be brought into genetic relations with three other series 
of cobalt ammino-complexes, viz. the aquopentammincobalti salts : 



the acidopontammincobalti salts : 



and the hexammincobalti salts : 


[Co(NH3)J 



How this can be done will be explained by taking the chlorides 
of these series as examples. 

On the addition of hydrochloric acid to hydroxopentammin 
cobalt chloride aquopentammin cobalt chloride is obtained ; 


+ HCl = [^Co 


OH. 

(NH,), 


] 


Cl, 


On heating the aquochloride or heating a solution and treating 
it with hydrochloric acid, the molecule of water may be withdrawn 
and chloropentammin cobalt chloride results : 



‘ Worner, iWd., 40, 4098 (4907).' 
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This lasfc compound, on being treated with concentrated 
ammonia, is transformed into the hexammin chloride : 

= [Co(NH 3 )e]Cl 3 


On comparing the chlorides of these four series of salts with 
respect to their behaviour towards litmus, the following differences 
become clear : 




Co 


OH 
(NH 

Basic 




Co 


OH. 

(NH3) 

Acid 




Co 


Cl 

(NH), 

Neutral 


]CL, [Co(NH3)JCl3 


Neutral 


From the fact that only the aquochloride reacts acid, i.e. that 
of the four chlorides only that which contains water is hydrolyzed, 
it must be concluded that the water molecule in aquopentammin 
chloride is specially connected with the hydrolysis. 

Since the action of ammonia on aquopentammin chloride results 
in the production of hydroxopentammin chloride, and in conse- 
quence of the hydrolysis the hydrochloric acid which is produced is 
transformed into ammonium chloride, it follows that the only 
possible way of formulating this change is by the equation : 

Accordingly the hydrolysis is due to the decomposition of the 
aquochloride into hydroxochloride and hydrochloric acid, while 
according to the customary theory of hydrolysis the compound 

r„ OH lOH 

L^®(nh)Jci, 


should have been produced, in which the hydroxyl group should be 
less dissociated than water. Consequently in the aqueous solution 
of aquopentammincobalt chloride it should be produced according 
to the equation : 

+ H + OH + H + ci 


However, against this assumption we must call to mind what 
has been pointed out already, i,e. such a compound containing an 
indirectly bound hydroxyl group should be very strongly electro- 
lytically dissociated. 

But, in order to explain this contradiction, it might be suggested 
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'►“'tbat the aquo-base, in its turn, gives up water and thus passes into 
the hydroxo-compound : 


Such an hypothesis can be shown experimentally to be incorrect. 
For if the aquo-base is the primary product of the action of water, 
then its production can be prevented by decreasing the concentration 
of the hydroxyl ions. A strongly acid solution of the hydroxo-salt, 
therefore, should only contain the aquo-salt, for in such a solution it 
would be very improbable that sufficient hydroxyl ions were still 
present to bring about the hydrolysis of the aquo-salt into aquo- 
base and free acid. As a matter of fact, it is possible, on adding 
neutral salts, to precipitate the hydroxo-salt unchanged from its 
solution in concentrated acetic acid, although these salts yield 
weakly alkaline aqueous solutions. 

The following salts illustrate these changes. 

Most hydroxoaquodiethylenediammincobalti salts, ^ 

[ 



are fairly insoluble in water, but on adding acetic acid, they dis- 
solve, colouring the solution the colour of the diaquo-salts. It is, 
therefore, to be assumed that the acetic acid forms a salt, thus 



+ HOCOCH3 = 



OH.IOCOCH^ 
OHo X., 

M J it 


From these acetic acid solutions the addition of metallic salts re- 
precipitates the hydroxo-salts in an unchanged condition. All this 
series of salts are weakly basic towards litmus. 

Another series of salts ^ are known, i.c. the following ; 

Co^^® lx 



which are even precipitated from a 60-per-cent, acetic acid solution 
on the addition of metallic salts. 

Again, the behaviour of the chloride, 






* Werner, 40, 272 (1907). 
» Werner, itid., 40, 468 (1907). 
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which yields strongly acid solutions, is of considerable interest. 

Sodium dithionate and sodium nitrate precipitate the corresponding 
diaquo-salts : 



and 


[ 




Co 






but potassium bromide precipitates the hydroxo-bromide : 




which is a weakly alkaline salt. 

Still more peculiar is the fact that the addition of hydrobromic 
acid to the aqueous solution of the corresponding diaquobromide 
precipitates the hydroxoaquobromide. 

Obviously, then, the supposition that the hydroxyl ions of water 
influence, in the above cases, the formation of hydroxo salts is 
without foundation. Consequently the conclusion is forced upon us 
that the theory of hydrolysis proposed by Arrhenius is insufficient 
to explain the facts. 

A very simple theory of hydrolysis, explaining all the facts 
which have been encountered during the study of the aquometallic 
and hydroxometallic ammino-complexes, can be formulated from 
the following considerations. 

Hydrolytic changes are such as may be represented by the 
general equation : 

R . HX ^ R -f HX 


They are dissociations similar to those observed in the presence 
of water, e.g. the dissociation of the vapour of ammonium chloride. 
The degree of the hydrolysis, therefore, must primarily be dependent 
upon the stability of the water in group R. Since, in keeping with 
the ionic theory, the above equation may be written 

R.H + X ^ R + H-hX 

and thence in aqueous solution the chief role is played, not by the 
hydrogen of XH as such, but rather by the much more active 
hydrogen ions, therefore hydrolysis depends chiefly upon the 
degree of strength with which hydrion is linked in R ; in other 
words, it depends upon the tendency of hydrion to form complexes 
with R. Again, since the equation is an equilibrium equation, it 
follows that the degree of hydrolysis will be determined by the 
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concentration of the RH and H ions. In opposition to the theory 
of Arrhenius, the present theory does not attribute hydrolysis to 
the hydroxyl ions of water. 

A special case of hydrolysis is that in which R is a tuetallic 
hydroxide. 

In this case the general equation takes the form : 

Mov + _ Me. . _ 

>0 . H 4 - X $ >0 -h H + X 

H/ H/ 

And we again have the reaction describing the hydrolysis of the 
metallic ammino-compounds, which served as the starting-point for 
the revision of the theory of hydrolysis. 

Pfeiffer ^ has shown that the application of the law of mass 
action to the above general equation leads to the same mathematical 
expression for the quantitative relations between the hydrolysis of 
the metallic salts, the dissociation of water, and the strength of 
metallic base as the theory of Arrhenius. Consequently we arrive 
at the result that this equation offers a more satisfactory quantita- 
tive explanation of hydrolysis than that of Arrhenius. 

Inner Metallic Complexes. 

(a) Dejinilion of an Inner Metallic Complex Salt. 

When discussing addition-compounds only those were considered 
in which the groups were separately attached, either by principal 
or auxiliary valencies, to the central metallic atom, t.e. they were 
not combined with one another. But it may so happen that all 
these groups may be joined up to one another. An example will 
make this clear. Copper acetate has the property of forming an 
addition-compound with two molecules of ammonia, thus : 

CH 3 . CO . O. . NHa ^ 

>Cu/ 

CH^ . CO . 0/ NH, 

Since in amidoacetic acid (glycocoll) acetic acid and ammonia 
are combined together without seriously affecting the functions of 
either, it is quite to be expected that they will form an analogous 
copper derivative of the following formula : 



» Her., 40 , 4036(1907). 

» Bohiff, Annalen, 123, 43 (1862), 
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H,C . ,,NH2 . OH 


00.0 




O .00 


The work of Bruni * and Ley ^ has shown that this is correct. 

Salts like this, in which the metallic atom is linked up by both 
principal and auxiliary valencies, are called, after Ley’s suggestion, 
inner metallic complex salts. Although their nature has been 
recognized only quite recently, yet they have attained, in many 
directions, to considerable importance. 


(b) Review of the Inner Metallic Complex Salts. 

The first inner metallic complexes were discovered by the author 
when examining the acetylacetone compounds of platinum. When 
acting on potassium platinous chloride with acetylacetone, it was 
found that a molecule of potassium chloride and an atom of chlorine 
are replaced by one molecule of acetylacetone ; 

= 2KC1 + 

Dilthey,® with some pupils, examined the y8-diketo-compounds of 
silicon and boron, and found that each )S-diketo residue : 





yC=0. 

HC/ 

^ 0 — 0 . 



always occupied two co-ordination positions. Consequently, all six 
co-ordination positions of silica and all four of boron would be 
occupied respectively by three and by two )S-diketo residues. But 
since in each of the resulting compounds, (SiAc 3 )X and (BAc 2 )X, 
a valency of the central atom takes up an acid residue X, it follows 
that the saturation of this latter valency does not take place in the 
first but in the second zone, i.e, the acid residue must be indirectly 
attached to the central atom. 


1 Bruni and Fomaro, Atti R. Accad. dei Linceif Roma, (5) 18, II. 26 (1904). 
* Ley, Zeitsch. Electrochem., 10, 954 (1904). 

® Ber., 38, 569 (1905) ; Annalen, 322, 280 (1902) ; 344, 800 (1906). 
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The result of this is that the acid residue must have ionogen 
properties, as Dilthey, in his classical researches, has shown. 

Tschugaeff has prepared, by acting on different metallic ammino- 
complexes with a-dioximes, salts which are of great importance to the 
theory of inn er complexes. He has shown that these a-dioximes, 
which can enter the molecule of the metallic ammino-complexes as 
monovalent groups, always occupy two co-ordination positions^ 
The following compounds result on treating chloropentammin- 
cobalt chloride and nitropentammincobalt chloride with dimethyl- 
glyoxime : 

and H3NCo^A 

(D2H2 corresponds to two molecules of dimethyl glyoxime). 

Tschugaeff^ also was able to prepare the compounds : 






In all these compounds the oxime must be connected to the metallic 
atom, thus ; 

R^C=:NO. ON=C— R 

1 I 

R^C=N 0 K'' H O N=C— R 


The a-dioximes also have the property of forming very stable 
salts with the heavy and platinum metals. Such salts Tschugaeff - 
has called glyoximines. The plato- and pallado-compounds can be 
distilled in vacuo without decomposing. 

Quite similar complex salts can be prepared from the a-oxime of 
a-benzoylpyridin and also from nitrosoguanine ^ ; 


KH3 NH, 

C NH HN G 

Pd<( 

O N 




The amido-acids have proved to be particularly suited for the 
study of these inner salts. The researches of Bruni * and of Ley ® 

» Ber„ 89, 2692 (1906). 

* ZeitBch. anorg. Chem.y 46, 144 (1906). 

* B&r., 39. 8382 (1906). 

* Ohem. Zentr., 1904, p. 824. 

‘ Zeitach, EUkProchem., 10, 964 (1904) ; Ley and Krafft, Ber., 40, 697 (1907). 
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ou copper glycocoll have led to the same result, viz. copper glycocol^ 

IS an inner complex salt. Ley has given it the following constitu- 
tion : 

H^C— NH,. CK. 

I '■•CuC I “ 

00— O CO 

The copper salts of diethylaminoacetic acid, piperidoacetic acid, 
phenylglycocoll, alanine and probably all the copper salts of a-amino 
acids have the same constitution as copper glycocoll. The same is 
true of the nickel salts. 

Callegari ^ has shown that the copper and nickel salts of hydrazine 
carbonic acid, HoNNH — COOH, are inner complex salts. 

Ley and Kraft have prepared some inner complex salts of 
oxyamidines which correspond to the general formula : 

R 

R— C=N. 

I >Me 

R.,N— O/ 

And Ley ^ has also found that the azohydroxyamides, the oxy- 
amidoximes, and the oxyguanidines form inner complexes. 

The copper and nickel salts of biuret and analogous compounds 
form a very interesting group, ^ for copper biuret has a constitution 
which is similar to the copper and nickel salts of dicyandiamidine 
and of biguanide.^ 

Finally, Tschugaeff ® has shown that the a-isonitrosoketones are 
able to form inner complex salts. 

This short review clearly shows that this class of complex salts 
already has attained considerable proportions, and in this class are 
also to be included most adjective dyes. 

(c) Properties of Inner Complex Salts. 

1. Anomalous Behaviour with refei'ence to Electrolytic Dissociation 

and Analytical Reactions. 

The peculiar constitution of inner complex salts prevents the 
metal, when the auxiliary valency compound is stable, from appearing 

' Oazz. chini., 36, 63 (1906). 

2 Ber., 40, 697 (1907). 

® Ley and Werner, ibid., p. 705. 

* Tsohugaeff, ibid., p. 1974. 

* J. pr. Chem., (2) 76, 153 (1907) ; (2) 76, 88 (1907). 
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as an ion in solutions. This results in such complexes exhibiting in 
solution a normal molecular weight and a very trifling conductivity. 
This has been proved in a way which leaves no room for doubt by 
the researches of Bruni and Ley, The concentration of the copper 
ions in these complex salts is extremely small ; that of the nickel is 
a little greater, probably because the auxiliary valencies of nickel 
are somewhat weaker. 

The abnormally small conductivity which Tower * obtained for 
certain salts of malic and tartaric acids is probably due to the 
formation of such inner complexes. The conductivity of the 
magnesium, barium, and manganese salts of these acids is normal, 
but that of the nickel and cobalt salts is abnormally small. The 

inner complex salts of malic acid will probably correspond to the 
formula : 


0 


Me- 


'>OH 


0 


OC— CH.>— CH — CO 


Hand in-hand with the abnormally small conductivity of these 
inner complexes goes an abnormal analytical behaviour ; the metals 
are either incompletely, or not at all, precipitated by the usual 
reagents from the solutions of these salts. Thus, alkaline hy- 
droxides and sulphuretted hydrogen are unable to precipitate the 
copper, nickel, and cobalt from their salts with the amino-fatty 
acids. Further, Zelinsky and Schlesinger^ have shown that the 
wpper cannot be precipitated by the continuous passing of HoS or by 
introducing semi-carbazide into a neutral solution of its salt with 
oa -dimethylpy rrholine-a-carbonic acid. 


2. The Anomalous Colour of Inner Complex Salts. 

The mere inspection of the colour of a metallic salt will often 
decide whether it is an inner complex salt or an ordinary salt, for 
most of the former are coloured diflPerently to the latter. Bearing 
in mind the complicated constitution of inner complex salts, it is not 
surprising that their colour is greatly influenced by the nature of 
the groups which are linked together by auxiliary valencies. A good 
illustration of this is afforded by comparing the colour of anhydrous 

* J. Amer. Chem. Soc., 24, 1012 (1902). 

* Ber., 40, 2887 (1907). 
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chromium chloride, with some of its co-ordination compounds. 
Anhydrous chromium chloride is reddish-violet, the addition-com- 
pound with six molecules of ammonia is pure yellow, that with five 
of ammonia and one of water is a yellowish-orange, that with four 
of ammonia and two of water is brick-red, that with three of 
ammonia and three of water is red, that with two of ammonia and 
four of water is bluish-red, and that with six of water is violet-blue. 
When to this series is added that the compound with six molecules 
urea is pure green, then it is obvious that the complex compounds 
of chromium can display all the colours in the spectrum. Exactly 
the same is true of all other coloured metallic salts. 

From this it is clear that the colour of an inner complex salt 
can be different to that of the ordinary metallic salt, and that the 
colours vary with the nature of the components. 

Two more striking examples of this are worthy of notice. 

The ordinary copper salts have a pure blue colour, but the inner 
complex salts with the a-amido acids are coloured a blue which 
resembles that of the copper^/ ammino-complexes, and the copper 
salts of the oxyamidines are btfown to brownish-red. 

Contrary to the green colour of the simple nickel salts, complex 
salts of nickel are often yellow and that with dimethylgloxime is a 
bright red. 


3. Soluhility of Inner Complex Salts. 

It is often observed that inner complex salts are only soluble 
with difficulty; this is tru^^rf- the .salts of the glyoximes, the a-iso- 
nitrosoketones, etc. 

This insolubility has given/ rise to many new methods for the 
quantitative estimation of mei^ls.^Tschugaeff suggested the use of 
dimethyl glyox^e for the ^timatK^^ of nickel and Grossman 


dicyandiamide / 

/ 


i 

HN = C 


NH. 




•CN 


for the same purpose. Cobalt has long been estimated by using 

nitroso-jS-naphthol. 

Since the metals often exhibit a surprising tendency for the 
formation of inner complexes, it is to be expected that continued 
research on this type of compound will reveal many compounds of 
value to analytical chemistry. 




y 
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(d) Dependence of the Formation of Inner Complexes on the 

Constitutions of the Components. 


The formation of inner complex salts is characterized by the 
formation of a ring. The study of these ring-compounds has 
shown that they are controlled by exactly the same laws which 
control the formation of principal valency rings. 

Inner complex salts have, up to the present, been found only to 
conspt of five or six members, and the latter are very often 
unstable. Thus, a-amido-fatty acids form well-characterized inner 
complex salts, but Callegari* has shown that the ^-amido acids are 
unable to do so, for the copper salt of /?-amidopropionic acid has no 
^ amormal properties. The same is true of the copper and nickel 
f ^ts of amidosulphonic acid ; 

(NK,S 03 ),Cu -i- 2H,0 and (NH,SO,>,Ni -f- 4H,0 


which exhibit normal properties. On the other hand, the nickel salt 
of hydrazinecarbonic acid (NHo . NHCOO) 2 Ni forms an inner com- 
plex, for it is blue in colour and does not give the usual reactions 
of nickel. 


(e) Signification of Inner Complex Salts for Adjective Dyes. 

The author has been able to prove that those compounds which 
are able to form inner complex salts are also able to colour mor- 
danted stuffs.^ This is true of the /?-diketones, the a-isonitroso- 
ketones, the a-diketoximes, the amidoximes, and the hydroxam 
acids. And all the laws on the constitution of adjective dyes 
conform with those under which inner metallic complex salts are 
formed. Consequently adjective dyes, or at any rate the great 
, majority of this class of compounds, may be defined as compounds 

which under suitable conditions are able to form inner metallic 
complex salts. 

On Complexes containing a Negative Central Atom. 

The great majority of complex compounds contain a positive 
central atom, but there exists a small group of compounds which 
contain a negative central atom. This group has lately received 
considerable attention. 

‘ Qazz. cMm., 88, II. 63 (1906). 

« Worner, Ber.^ 41, 1062(1908). 

Q 
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Hellwig * has investigated the product resulting from the 
addition of silver nitrate to silver iodide, i.e. Agl + 2AgN03, and 
has shown that it contains the complex radicle (lAgg), and hence 
has the following constitution : 

j^I Agj(N03), “ 

A salt corresponding to the formula (IAg2)N03 also exists, and it 
has been shown® that (I Ago) is the complex cation. 

It is probable that the salts AgBr d- AgNOg, AgCN -j- AgNOg, 
and AgSCN -f- 2AgN03^ contain the complex cations, (AggBr), 
(AggCN) and (AggSCN). Further, the compounds AggP.SAgNOg® 
and AgaAs . SAgNOg are to be considered as salts containing the 
cations (PAgg) and (AsAgg). 

A group of compounds in which, in all probability, complex 
radicles with negative central atoms play a part are the chloro- 
mercurates, the highest of which correspond to the formula 
RCl(HgCl2)6« The composition and behaviour of these compounds 
would agree very well with the supposition that a variable number 
of HgClg molecules combine with the chlorine atom, which acts as 
the central atom. A similar case was investigated by the author, 
and it was shown that several molecules of platosalts combined 
with one molecule of a platesalt. 

Iodine has a remarkably great tendency for the formation of 
addition-compounds. This property evinces itself in the addi- 
tion compounds which iodine chloride forms with amines, e.g. 
(H 3 C) 3 N.IC 1 , Py.ICl, Chin.ICl, and Pip.ICh’ These com- 
pounds behave in a manner which is completely analogous to the 
addition-complexes formed by the metals, for hydrochloric acid 
transforms them into halogeno-salts : 

(CH 3 )N . ICl -f- HCl = (CH 3 ) 3 N . H(IC] 2 ) 

^ Zeitsch. anorg. Cliem.t 25, 167 (1900). 

2 Kistiakowski, Russ, Phys. Chem. Soc., 33, 592 (1901). 

3 Ibid. 

* Vitali, HOrosi, 16, 397. 

» Vitali, ibid., 16, 10; Poleck and Thummel, Ber., 16, 2436 (1883). 

® Zeitsch. anorg. Chem., 12, 46 (1896). 

’ Pictet and KrafEt, Bull. Soc. Chim., (3) 7, 74 (1892). 
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To the same group of compounds also belong HgN . INHg and 

H3N . 

Hantzsch and Graf 2 showed that bromine also was able to form 
addition-compounds with amines. The following compounds were 
prepared by them : 

(H3C)3N . Br^, . Br^, 


and from their behaviour these workers^ concluded that constitu- 
tions similar to [(H 3 C) 3 NBr]Br were to be given to these salts. 

Iodine and bromine also take up oxygen compounds. The con- 
stitutions of these compounds has been investigated by Hantzsch."* 
He described the following compounds : Diethoxydinaphthostil- 
benetetriodide, diethoxydinaphthostilbenedibromide - tetraiodide, 
dixanthylenetetraiodide, and also higher iodides up to decaiodides. 
He also was able to show that dimethylpyrone formed a diiodide in 
ethylene bromide solution. 

Bromine yields the following addition-compounds ; Hiethoxy- 
dinaphthostilbenetetrabromide, diethoxydinaphthostilbenedibro- 
mide-tetrabromide, dixanthylenetetrabromide. To this group also 
belong the following compounds prepared by McIntosh : ® 




>0 . BrBr, 
H/ 



.BrBr and [C,H 302 ],(Br.,),, 

Ethylacetato 


From what has already been said, it will be clear that beginnings 
have been made in the chemistry of this interesting class of com- 
pounds. The class is, however, much more extensive than it at 
present appears to be, and consequently it will first be necessary to 
examine within what limits it is possible to prepare such compounds. 


12. On the Auxiliary Valency Compounds of the Elements. 

In the previous sections compounds belonging to this class have 

already been met with, e.g. the addition-compounds of organic 

oxides and nitrides with bromine and iodine. But a large number 

of auxiliary valency compounds of other elements are also known 

which, on account of their peculiar composition, deserve special 
mention. 


* Rasohig, Atmalen, 280, 223 (1886). » 

* Ibid., p. 2161. 4 

* Trans., 87, 784 (1906). 


Ber., 38, 2164 (1905). 
Annalen, 349, 1 (1906). 
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The hydrates of bromine and chlorine belong to this class, and 
since iodine solutions are brown in colour, it is to be assumed that 
iodine forms an addition-compound with the solvent. 

Calcium and barium form the compounds Ca(NH3)6 and Ba(NH3)4 
with ammonia. Ruff and Geikel * have shown that the addition- 
compounds of the alkali metals with ammonia, Me . NH3, do not 
exist, as was once assumed. 

The auxiliary valency compounds which iron and nickel form 
with carbon monoxide are deeply interesting. That carbon mon- 
oxide is linked by auxiliary valencies is shown by its behaviour in 
potassium carbonylferrocyanide and in the carbonyl-compounds of 
platinum. Nickel tetracarbonyl ^ and iron pentacarbonyP conse- 
quently have the following constitutions : 

OC . .CO OC . .CO 

Ni and Fe • CO 

OC • CO OC • -CO 


13. General Considerations on the Formation of Compounds of 

the Higher Order. 

The nature of those compounds which are able to form addition- 
compounds undergoes a regular variation in the different elementary 
groups in the periodic system. Thus, only the inorganic halides 
are suited to form such compounds, the alkyl- and arylhalides 
being almost inactive. Only in very isolated instances has it been 
found possible to form additions with alkylhalides, namely in the 

following : 

[C(N02)3]Ag -h 2ICH3 and analogous compounds with benzyl- and 
allyliodide,'* 

NOaAg . BrCHaCN, N03Ag . ICH^CN, N03Ag . I^CH,.® 

In the oxygen group both organic and inorganic oxides and 
sulphides exhibit a great capacity for the formation of addition- 
compounds \ this property is much diminished in the inorganic 

1 Bcr., 39, 828 (1906). , ^ ^ , 

2 Mond, Langer and Quincke, C)iem. News., 62, 97 (1890) ; Berthelot, Covtjpt, 

rend., 112,’l343 (1891). 

3 Mond and Langer, Chem. News., 64, 294 (1891). 

* Hantzsoh and Caldwell, Ber., 39, 2474 (1906). 

® Scholl and Steinkopf, ibid., p. 4393. 
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selenides, and has not yet been observed amongst the inorganic tellu- 
rides. On the other hand, the organic selenides display it in a very 
pronounced way. 

Finally, in the nitrogen group, with the exception of ammonia, 
very few inorganic nitrides can form addition-compounds ; but, on 
the other hand, innumerable organic nitrides have this property. 
Passing to phosphorus and arsenic, the tendency towards the 
formation of organic addition-compounds is still greater, for the 
phosphines and arsines form addition complexes which are completely 
analogous to the ammino-complexes. 

The capacity of the elements to act as nuclei for the formation 
of complexes is also very variable. But the study of complex salts 
will have to be much further advanced before this side of the 
question can receive a satisfactory treatment. 

A further question which is of interest in connection with com- 
plex salts, is the strength with which the individual components 
are combined. Determinations of this, naturally, can only be 
carried out with compounds in which the components are compara- 
tively weakly linked together. For it would be impossible to carry 
out such determinations with, for example, the majority of the 
metallic ammino-compounds which, under the most varied conditions, 
are perfectly stable. 

Abegg and Bodliinder,* with their pupils, have attacked this 
question. Their results, as well as those obtained by Euler, have 
made us acquainted with the stability in aqueous solution of a 
great many complex compounds. At present it is impossible to 
decide how far Abegg and Bodliinder are justified in assuming that 
the tendency for complex -formation is all the greater the smaller 
the electro-allinity of the central atom, because too little is known 
of the other factor which is of importance in the formation of 
complex salts, i.c. the chemical athnity of the component elements. 


III. Isomerism in Inorganic Compounds. 

Inorganic compounds, with the exception of the simple bases, 
acids, and salts, are very complicated, and they are either diflicult to 
prepare synthetically or their mode of formation does not explain 

* See the references to the literature, Abegg, J5cr., 36, 3G84 (1903) 

* Her., 86, 3400 (1903). 



230 JVEIV IDEAS ON INORGANIC CHEMISTRY 


their constitution. It is, therefore, very fortunate that the exist- 
ence of well-characterized isomeric phenomena offer a means by 
which insight into the complicated constitution of these compounds 
may be obtained. 

In the following pages it will be seen that isomerism plays 
a considerable part in the chemistry of inorganic compounds, and 
that the number of isomeric phenomena is already great. Further, 
inorganic isomerism is much more varied than organic isomerism, 
because it does not proceed from a single cause but from many, and 
these, in their turn, have not yet been fully cleared up. 

These various species of isomerism will be described in the 
following sections. 


1. Polymerization. 

(a) Co-ordinative Polymerization. 

One group of inorganic polymerides includes compounds which 
possess the same empirical formula, but their molecules contain 
different multiples of the primary complex. 

The first object to be attained in the examination of these 
polymerides was the nature of the basic and acidic radicles of 
which they were composed, and, secondly, their synthesis. In this 
manner light was thrown upon the structure of such isomeric 
compounds, which are very numerous in inorganic chemistry. 

The constitution of the polymeric metallic ammino-complexes 
has been thoroughly examined and cleared up. To this group be- 
long nine compounds with the empirical formula : Co(NB[3)3(N02)3- 
The following is the list of these compounds with their constitu- 
tional formulae appended : 

j 1. Simple molecular formula : Co(NH3)3(N02)3 ^ 

1 Triammincobalt nitrite ' : [(H3N)3Co(N02)3] 

2 . Double molecular formula : Co2(NH3)e(NO2)0 

(a) Hexammincobalti-hexanitrocobaltiate : ^ 

[Co(NH,%Y'l [Co(NO2)0]‘» 

» Erdmann, J. pr. Chem., 97, 406 (1866); Gibbs, Proc. Amer. Acad., 
1874, p. 14; Jorgensen, Zeitsch. anorg. Oiem., 7, 300 (1894); 13, 172 (1897); 
Werner, ibid., 6, 174 (1894); 16, 166 (1897); Werner and Miolati, Zeitsch. 
Physikal. Ghem., 12, 35 (1893); 21, 227 (1896). 

* Jorgensen, Zeitsch, a/twrg. Ghem., 6, 177 (1894). 
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(b) Dinitrotetrammincobalti-tetrariitrodiammincobaltiate : 




The compounds exist in two stereoisomers. 

3. Triple molecular formula : Co^(NIl^\(N 02 )^ 

Nitropentammincobalti-tetranitrodiammincobaltiate 


11 




4. Quadruple molecular formula : Co4(NH3)i2(N02)i2 

(a) Hexammincobalti-tetranitrodiammincobaltiate ; ^ 


[Co(NH3)j" 


L^^(no2)J 


(b) 1, 2- and 1, C-Dinitrotetrammincobalti-hexauitroco 
baltiate : ■* 




111 


6. Quintuple molecular formula ; Co,(NH3)io(N02)i5 
Nitropentammincobalti-hexauitrocobaltiate ; 


II 




The structure of these compounds has been determined both 
analytically and synthetically. It has thus been shown that the 
complex radicles play in these compounds exactly the same part as 
elementary atoms in simple salts, and therefore it has been possible 
to determine the constitution of compounds of very high molecular 
weight. 

A similar series of polymerides has been prepared by the author 


* Ibid., 6, 182 [Orooeo and Flavo], 190 (1894) ; 7, 287 (1894) ; 13, 183 (1897) ; 
Werner and Miolati, ibid., 14, 614 (1894). 

* Jdrgenaen, loc. oit., Werner and Miolati, loc. dt. 

* JOrgenaen, loc. oil., Werner and Miolati, loc. cit. 

* JdrgenBen, ZeiUch. anorg. CJiem., 6, 178 (1894) [Croceo] ; Werner and 
Miolati, ibid., 14, 614 (1894) [Crooeo] ; JurgenBon, loc, cit. [Flavo + 2H^OJ ; 
Werner and Miolati, loc. cit. [Flavo + 2H,0]. 

* JdrgouBen, loc. oit. 
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from the thiocyanides of chromium. They have the following 
formulae : 


1 . 


2 . 


Simple molecular formula : Cr(NIT3)3(SCN)3 

Trithiocyanatotriamminchromiura ' : [(H3N')3Cr(SCN)3] 

Double molecular formula : Cr2(NH3)6(SCN)s 

(a) Hexamminchromi-hexathiocyanatochromiate : ^ 


[Cr(NH3)«] [Cr(SCN)«] 

(b) Dithiocyanatotetramminchromi-diammiutetrathio 

I T 

cyanatochromiate: ^ 


[« ■ h'S] 


3. Triple molecular formula : Cr 3 (NH 3 ) 3 (SCN)o 

Thiocyanatopentammincbromi-diamminetetrathiocyanato 


chromiate : ^ 




4. 


Quadruple molecular formula : Crj(NH3)j.,(SCN)]2 
(a) Uexamminchromi-diammintetrathiocyanatochromiate 


:o,(NHj j". 


(b) Dithiocyanatotetraraminchromi-hexathiocyanato- 
chromiate : ^ 


[CrfS],- [Cr(SCN)„] 


III 


5. 


Quintuple molecular formula : Cr3(NH3)i5(SCN)i5 

Thiocyanatopentamminchromi-hexathiocyanatochromiate 


II 


CCr(SCN)j:" 

Pfeiffer® has described the co-ordination polymerides: 
[CrenJ[Cr(SCN)J and [Cr(®°^)^]^[Cr(SCN)e] 


cis- and trans- forms 


1 Werner and Jovanovits. Not yet published. 

2 Werner and Jovanovits. Not yet published. 

3 Christensen, J. pr. Ghevn., 46, 371 (1848). 

< Werner and Jovanovits. Not yet published. 
* ATvaalcn., 346, 28 (1906). 
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The platinum ammino-complexes yield similar polymeric com- 
pounds. 

The following polymerides, corresponding to the empirical 
formula Pt(NH3)2Cl2, are known : 

1 . Simple molecular formula : Pt(NH3)2Cl2 

Platosammin chloride' and platosemidiammin chloride^ 
(stereoisomers) : [(H3N)2PtCl2] 

2 . Double molecular formula : Pt.2(NH3)4Cl4 

Tetramminplato-chloroplatoate*: [Pt(NH3)J . [PtClJ 

3 . Triple molecular formula : Pt3(NH3)6Cl6 

Tetramminplato-ammintrichloroplatoate ^ : 

I 

[Pt(NH,),]". 



Polymerides also exist corresponding to the following empiric; 
formulae: Pt(NH3)2(CN)2 and Pt(NH3)2(SCN)2 : 

(H3N >2Pt(CN)2 and [Pt(NH3)j". [PtCNj" 

Dioyanodiarmriin platinum ® Tetramminplatin-totracyanoplatoate * 
(Monomolecular) ‘ (Dimolecular) 

(H,N),Pt(SCN), and [Pt(NH 3 ),]‘[;Pt(SCN),]" 
Dithiocyanatodiammin platinum » Tetramminplato-totrathiocyanato- 

(Monomolecular) platoate » (Dimolecular) 


'll 


J he following compounds of tetravalent platinum, corresponding 
to the general formula Pt(NH3)2Cl4, are also known : 

1 . Simple molecular formula ; Pt(NH3)2Cl4 

Tetrachloroasdiammin platinum® and tetrachloro/ruHs- 
diammin platinum*®: [(H3N)2PtCJ4]. 


* Peyrono, AnnaUn, 61, 1 (1844) ; 66, 205 (1846); 61, 178(1847): Odliuff 
^^.,8,682(1870). 

» Peyrone, loc. cit. ; Clove, K. Sv. Vet. Akab. HandL, 10, No. 93. 

* Magnus, Pogg. Ann., 14, 242(1828) ; Claus, Annalen, 107 , 35 (1858) : Cleve 

loc. at. ' ’ 

* CoBsa, Per., 23, 2503 (1890). 

* Buokton, Annalen, 78, 328 (1851). 

* Buokton, ibid.; Thann, ibid., 107, 320 (1858). . 

» Buokton, ibid., 92, 287 (1864). ^ ^ if 

* Buokton, ibid. ' y ^ ' 


• Clevo, loc. cit . ; Jorgensen, J. pr. Chem., (2) 16, 866 (1877). 
*• Gerhardt, Compt. rend., 1860, p. 278 ; Annalen, 76, 307 (1 
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2 . Double molecular formula : Pfc2(NH3)4Cl8 

Dichlorotetrammin platmum-chloroplateate * 


[Cl,Pt(NH 3 )J [PfcClJ 

Also those corresponding to the formula PtPjaCh.^ 


1. Simple molecular formula : PtPjaClj 

Tetrachlorocasdipyridine platinum and tetrachloro^rawsdi 
pyridine platinum : [CljPtPyg]. 

2. Double molecular formula : Pt2Py4Cl8 

Dichlorotetrapyridine-chloroplateate : [ClaPtPyJ [PtClg]. 

3 . Triple molecular formula ; PtyPyeClia 

Dichlorotetrapyridine-pyridinepentachloroplateate : 



Two rhodium polymerides have been prepared which, according 
to their behaviour and synthesis, have the following constitution : 

[Rh(NH3)e] [Rhcy and [r^JnE,),],' 

Hexamminrhodi-hexaclilororhodiate Chloropentamminrhodi- 

bexa-ch]oro>rhodiatd 


Wagner ^ has described a very simple case of polymerization. 
Monomolecular silver cyanide is precipitated by sulphuric acid from 
potassium silver cyanide. The dimolecular form, probably having 
the constitution [Ag(CN)2]Ag, is precipitated by silver nitrate 
from potassium silver cyanide, thus : 

[Ag(CN)JK + AgNO, = [Ag(CN)JAg + KNO, 

Hydrates also have been shown lately to exhibit this type of 
isomerism. 

Huber and the author ^ have prepared the compound : 

[Cr(OH,)j|g^ . [(H, 0 ),CrClJ + 2^,0 


^ Cleve, Zoc. cit. ; Gerhardt, loc. cit. 

* Jorgensen, Zeitsch. anorg. Chem.y 26, 365 (1900). 
^ Chem. Zeit.y 1902, p. 942. 

< Ber., 39, 329 (1906). 
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which is polymeric with Recouras sulphate, which latter compound, 
according to Bjerrum, has the constitution : 


[cfoajso* + H.0 

Together with Dr. Costachescu ' the author has prepared two 

F 

fluorides of chromium to which the formulae Cr^^U ^ and (CrFe)- 
[Cr( 0 H 2 )J are given. 


(b) Polymeric Phenomena of Other Descriptions. 

Hantzsch and Holl® have described an interesting case of 
polymerization between the compounds, sulphamide and ammonium 
sulphimide, which Traube was the first to examine. Sulphamide is 
monomolecular, and corresponds to formula I. ; sulphimide is tri- 
molecular, (OaSNH)^, and its ammonium salt corresponds to 
formula II. : 


O'^ 


Sulphamide 

(moDoinoleouIar) 

I. 


N 

H,N . . NH, 


N 


SO2 


N 


NH, 

Ammonium sulphimide 
(trimolecular) 

II. 


The metaphosphates are a group of very interesting polyraeiddes. 
Tammann, in particular, has investigated these compounds, but he 
has not yet been able to provide them with satisfactory consti- 
tutional formulse. He examined the following groups® : 

1. [NaPOj,]g, Fleitmann and Henneberg’s trimetaphosphate. 

2. [NaPOs],, Fleitmann’s dimetaphosphate. 

3. [NaPOgjj, Hexametaphosphate, which contains only two 
metallic ions, so that the corresponding salts have the following 
composition : 

[Na,(PO,)JNa2, [Na.CPOg)*] Kg. [Ag,(P 03 )JK 2 


» Ber., 41, 4242 (1908). 

* Ber.. 34,3480(1901). 

• Pammor, Handb. anorg. Chem,, 2 (2), 182 (1894) ; 4, 321 (1903). 
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4. Isomeric with the metaphosphates is a series of salts in which 
four of the six metals are replaceable : 

[Na^CPOOJNa,, Na,(P 03 )JAg, 

5. Still another series exists, and in these five of the metallic 
atoms appear as ions ^ : 

[Na(P03)jNa3, [Na(P03)o]Ag3. [Na(P03)e](NH,). 

It is noteworthy that the latter series contain the residue 
[Na(P 03 )J, which calls to mind the general complex radicle [MXg]. 

At present it is impossible to decide whether the polymerisation 
exhibited by the phosphonitrile chlorides® and their derivatives, 
the metaphosphime acids, are of the same type as that displayed by 
the metaphosphates. For our knowledge of these compounds we 
have to thank Stokes. He showed that when a mixture of 
phosphorus pentachloride and ammonium chloride are distilled 
beyond the phosphonitrile chloride discovered by Liebig, a number 
of isomers are produced. The following table sets forth their 
empirical composition, etc. : 



MeltiDg- 

point. 

CoillDg- 
poiDt at 

13 mm. 

BulliDg-polnt 
at 760 mm. 

Triphosphonitrile chloride, (PNObls 
Tetraphosphonitrile chloride, (PNCl 2)4 
Pontaphosphonitrile chloride, (PNCb)s 
Hexaphosphonitrile chloride, (PNOble 
Heptaphosphonitrile chloride, (PNCb)? 
Polyphosphonitrile chloride, (PNGblx 

114° 

123'6° 

41° 

91° 
-18° 
below 
red heat 

127° 

188° 

223-224° 

261-263° 

289-294° 

decom< 

poses 

256-5° 

328-5° 

polymerizes 

f} 

decomposes 


One of the most characteristic properties of these compounds is 
their tendency to polymerize. On heating to 250-350° they pass 
into a gelatinous mass of a very high molecular weight. The mass 
is elastic and insoluble in all indifferent solvents. On further 
heating, the mass decomposes and may be distilled, thus yielding 
all the above compounds. Consequently we have to do with a sort 
of genetic polymerization, the only example known as yet to 

inorganic chemistry. 

1 Liidert, Zeitsch. anorg. Chem.^ 6 , 15 (1894) ; Dammer, loc. cit. 

3 Amer. Chem. J., 17, 276 (1895); 19, 782 (1897). 
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On treating the first four phosphonitrile chlorides with water, 
the following decomposition takes place : 

(PNCyx -h 2 XH 2 O = 2xHCl + [PN(OH)Jx 

The products of this reaction are the metaphosphime acids, 
which again are polymerized, and Stokes' has given them the 
following constitutions : 


PO2H 


PO,H 


HN 



NH 


HO2P 



POoH 


HOoP 


PO,H 


N 

H 


HN 


NH 



Trimetapbosphimeic acid 


PO,H 

Tetrametaphosphimeic acid 


From the hepta-chloride on, metaphosphime acids are no longer 
produced, but compounds containing one molecule of water more 
and to which Stokes has given chain-formulae, e.g. heptameta- 
phosphime acid ; 

H.N O 

\p^NH . PO,H . NH . POoH . NH . PO,H . NH . PO,H 

HO/ 

/OH 

. NH . PO,H . NH . P< 

0-^^OH 


Tn the masterly work of Stokes are contained many observations 
which are of great value to structural inorganic chemistry, and on 
this account a fresh examination of these interesting compounds is 
greatly to be desired. 

Some very interesting cases of polymerism have been brought 
to light by the researches on the polynuclear metallic ammino- 
complexes. Thus, a series of hexammintrioldicobalti salts are 
known which have the general formula ^ : 


.OH. 

(H3N)3Co . OH . Co(NH3) 

•OH* 



These salts are coloured a beautiful brownish-red. 


» ZeiUch. cmorg. Chem.y 19, 38 (1899). 
• Werner, Bar., 40, 4834 (1907). 
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The dodecamminhexoltetracobalti salts have the following 
formula ' : 


[Co(ggco(NH3),j3]x„ 

These salts, which are beautifully crystallized, are coloured 
brownish-black. 

On comparing the following empirical formulse it will be 
obvious that the salts belonging to this series are also polymeric : 

Co 2(OH)3(NH3)6X3 and Co 4 (OH)g(NH 3 )i 2 X 6 


Once more, the compounds 
.OH. 1 

(H3X)4Co . . Co(NH 3)4 Br^ + 2 H 2 O 

■OH* J 

Octammin-diol-dicobalti bromide ^ 


and 


[(H3N), 




] 


2 


Hydroxo-aquo-tetrammin 
cobalti bromide ® 


are polymerides, as is evident from a comparison of their empirical 
formulte : 

Co2(OH)2(NH3)8Br4 + 2H2O and Co(OH)(NH3)4Br -h H^O 

And finally, in the chromium series we have, amongst others, 
the two polymeric compounds ; 

[(H3N)3Cr.0H.Cr(NH3)3](SA)2 + 2H30 and [Cr^^^JsA+H^O 

Hydroxopentammin- 

Basic erythrochromdithionate * chromdithionate * 


It is hardly necessary to add that the recognition of the cause 
of these isomeric phenomena marks a considerable advance in 
inorganic structural formulae. 


2. Co-ordination Isomerism. 

In the earlier chapters it has been pointed out that metallic 
atoms can form complexes with the most varied components. 
Suppose that we have two different metallic atoms Me and Me', 
which possess this property to the same degree, and suppose, 

I Werner, ibid.j p. 2103. 

® Werner, JBer., 40, 4434 (1907). 

® Werner, ibid.^ p. 4113. 

* Jorgensen, J.pr, Chem., (2)46, 274(1892). 

* J6rgensen, i&id., (2) 25, 418(1882). 


THE CHEMICAL COMPOUNDS 239 

further, that two different components, A and are taken up by 
the metals, then the following variations are conceivable. Me can 
combine both with A and A', and Me' likewise, so that the com- 
plexes (MeAx) and (MeA'x), (Me'Ax) and (Me'A'x) are formed. 
When the addition of A to Me and Me' gives rise to positive 
radicles, and when the addition of A' to Me and Me' yields negative 
radicles, then the four complexes can, by uniting together, produce 
the following pair of isomeric compounds : 

(MeAx) . (Me'A'x) 

(MeA'x) . (Me'Ax) 

The following simple cases illustrate this : — 

[Co(NH 3)J"‘ . [Cr(CN)e]"' and [^(NHs) J • [Co(CN)J"' 

Hexammincobalti-hexaoyano- Hexamminchromi-hexacyano- 

ohromiate » cobaltiate * 

[Co 8 S’^‘]CCr(CN)J and [Crg™,),J^Co(CN)„] 

and also the following pairs of isomers discovered by Pfeiffer ; “ 

/ [Cr en 3 ][Co(CN)e] and [Coen3][Cr(CN)„] 

[Cr pn 3 ][Co(CN)a] and [Copn3][Cr(CN)3] 

[Crp][Oo(CN)3] and [Co;^^][Cr(CN)3] * 


, Because these compounds differ only in the components co-ordi- 
nated to the central atom, I have called this type of isomerism 
“ Co-ordination Isomerism.” 

The following compounds are further illustrations ; 


[Cu(NH 3)J“ . [PtCl J" and 

(violet) 

Tetrammineoupro-tetraohloro- 

platoate * 


[Pt(NH 3 ),]" . [CuClJ" 

(green) 

TotraLnmineplato-tetraohloro* 
ouproato ^ 



• Braun, Annalen, 125, 183 (1863). 

* Jorgensen, J. pr. Ohem., (2) 30. 31 
(1900). 


(1884); Pfeiffer, Annalen, 846, 42 


* Pfeiffer, Anmalen, 840, 28 (1906). 

* Pfeiffer, ZeiUch. anorg, Chem., 58, 807, 816 (1908) 

* Thomson, Per., 2, 668 (1869). 

■ MUlon and OomaiUo, Compt. rend., 67, 882. 
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[Zn(NH3),]».[PfcCl,]» 

Tetramminezinco-tetrachloro 
platoate ^ 


and [PfcCNHg),]" . [ZnCy" 

Tetrammineplato-tetracliloro 
zincoate * 


further ^ 


[Cr(NH,)J[Co(C,0,)3] and [Co(NH3)o][Cr(C30,)3] 
[Cren3][Co(C30,)3] and [Co en«] [Cr(C30,)3] 

[Or pn3][Co(CA)3] and [Co pi^][Cr(CA)3] 

[Cr(C A)3] ^ 


[Crp][Co(CA)3] and [Co 


en 
pni 


As is obvious, these compounds cai be considered as being 


produced by the reciprocal exchange of the groups Imked tq^he 
centraLatom. But it is not necessary jthat all the grbups should 
be transferl*e(i* An example will makje the result of th^s^lear. 
On combining triethylenediamincobaltij salts, [CoengjXg, with the 
blue potassium chromi oxalate, [Cr(Cl04)3]K3 + SH^O ; and tri- 
ethylenediaminechromi salts, []Cr enajij, with potassium cobalti- 
oxalate, [Co(C204),]K, + 3^^, the isoihers 1 and 4 are obtained. 




[Co enj”‘ ■ [Cr(CA)3] 

1. Triefehylenediamine- 
cobaltichromioxalate * 


III 


V 

\ 


\. 


Co 



L[°*-(CA)3] 


2. Oxa^toi 

etbyl^eaiamiuechromioxalate 


Co(CA)d'" . [Cr en,] 



4. iTriethylonediaminechromi- 
cobaltioxa^te ® 


[CoJc^OjJ • [^'■en?'] 

3. Oxalatodiethylenediaminechro^- 
ethylenediamjriecobaltioxalate ^ 

But should fr^nj^he acid radidle of tjompound^ ^ trans- 
ferred only one oxalate residue, then consmound^^ wohld be 
formed. Experiment has confirmed this Wedidtion. For 


was able to prep'are the compound 


from \he oxalatodiethylene- 


(1869). 

270. 


1 Thomson, Ber.y 2, 668 

* Buckton, Antutlen, 84, 

3 Pfeiffer, ihid.y 346, 28 h906). 

* Pietsch, Inaug.’dissen.y Zurich, 1907. 
3 Pfeiffer, loc. cit. 

« Ibid. 

’ Not yet known. 

® Pfeiffer, loc. cit. 

» Ibid. 
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diaminecobalti salts ' and from a potassium salt, to which Schwarz 
gave the formula 


[Cr 


en 

(C,0 


■1)2] 


K 


Through the exchange of two of the oxalate residues in the acid 

radicle of compound 1, for two ethylenediamine molecules of the 

basic radicle, compound 3 ought to be produced. This compound 

however, has not yet been prepared, because monethylenediamine- 

cobalti salts are not yet known, but its preparation will certainly 
become possible. ^ 

In order that two compounds should be co-ordinate isomers it is 
not necessary for the central atoms of the positive and negative 
complexes to consist of different metals.' Examples of this type of 

foZ”- “•s may be seen from the 


[Pt(NH,)J". [PtClJ" 
Tetramminplato-tetrachloro- 

platoato ^ 


/ 


[Co(NH, [Co(NO,)J'" 
Hexammincobalti-hexanitro- 

cobaltiate ^ 


Chlofotriamminplato-ammine- 

trichloroplatoato * 

Dinitrotetrammincobalti- 
diammiutetranitrocobaltiate ® 


Pfeiffer and his pupils haye lately described the followin 


isomers : 


[Cr en J [Cr(C,0,),] and [Cr^^J 




en^ 


][Cr(CA)J 


+ 2H.0 [orf AJ + 2H.O • 


* Zeitseh. a^iorg. Oiem., 21, 145 (1899). 

Metallamv^KinheH und kcmpTdt 

“ Jorgensen, Zeitseh, anorg. Ohetn., 6, 177 n 894 i 
JCrgensen, ibid. ^ 

' Annalen, 842, 283 (1906). 

• Ibid., 846, 28 (1906). 

" Stem, "inaug.-dias., Ztirich, 1908. 


H 
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To the same group also belong the following isomers, which are 


of more complicated constitution 
number of complex radicles : 

^ [Pt(NH, ),]■'. [Ptgjf »]‘ 

Tetramminplato-amminetrichloro- 

platoate ^ 

[Oo(NH,).]i". [cog5,^]; 

Hexammincobalti- diammine- 
tetranitrocobaltiat© ® 


in that they are made up of a 


Chlorotriamminplato-tetra- 
cbloroplatoate * 

[Co(N 03 ) 3 f 

Dinitrotetrammincobalth 
hexanitrocobaltiate ^ 


Two co-ordinative isomers corresponding to the formula 


Hg.(CN), , 2CS< + H,0 


have been prepared and described by Kohlschiitter.® 

A peculiar case of co-ordinative isomerism is that in which the 
central atoms of the_positive and negative radicle;^ are _th^_6aiDe, 
but of different valency. When the radicle with the higher 
valency transfers some of its groups to the other radicle, then this 
type of isomerism is brought about, thus : 


/ [Pt(NH3)J" • [PtCIJ- 

Tetramminplato>hexachloro> 
plateate ® 

[PtPyJPtCh and 


Diclilorotetramminplatin< 
tetracbloroplateate ^ 

[pt^y ptoi. s 


The examples of co-ordinative isomerism which up to the present 
have been cited, are all drawn from molecular compounds. But 
valency compounds also display this typo of isomerisift, as Sabanejeff ® 


1 Cossa, Per., 23, 2603 (1890). 

Peyrone, AvmaUn, 61, 1 (1844); 66, 205 (1845); 61, 178 (1847); Cleve, 
K. Sv. Vet. Ahad. Handl,, 10, No. 93. 

3 Jorgensen, Zeitsch. amorg. 182 (1894). 

* Jorgensen, loc. cit. 

® Per,, 36, 1151 (1903), 

« Cossa, Qazzetta, 17, 1 (1887) ; Per., 20, 462 (1887). 

' Cossa, Oazzetta, 17, 1 (1887). 

« Cossa, Zeitsch. an<yrg. Chem.t 2, 186 (1892). 

0 J.Buss.Phys. Chem. Poc., 30, 403, 415 (1899); 31, 375 (1899); Zeitsch. 
anorg. Chem., 17, 480. 
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has pointed out. He, however, called such isomers Structural 
Isomers.” This definition Hantzsch ^ objected to, and proved that 
these isomers are only simpler examples of co-ordinative isomerism. 
Sabanejeff prepared the following compounds ; 

^ [POA]' 

Hydroxylaminehypophosphite 


Hydroxy laminedithionate 

[NA]‘ • [POA]> 
Hydrazinephosphite 

. [POA]-' 

Acid hydrazinephosphite 

[N 3 HJ' . [PO.H,]' 

Hydrazine phosphate 

[N^e]» . [PO.H,]' 

Acid hydrazinephospbate 

. [PAHJ- 

Hydrazinehypophosphate 


[NHJ- . [P03HJ- 

Acid ammonium phosphite 

[NHJ' . [SA]" 

Ammonium persulphate 


™'-[Po,H 


,NH„y 

03HJ 


Acid ammoniumamido- 
phosphite 

[NHJ- . [PAH,J" 

Amm onium hypophosphate 

[NH.OHJ' . [P«5]' 

Hydroxylamine amido- 
phosphorous acid 

[NH30H]'. [PAA]'* 
Hydroxylamine hypophosphate 

. [POJ' 

Ammonium metaphosphato 

NHOH 


[KH30H]- . [nHJ- . [sgfOHj- 

Hydroxylamine 
idoBulphonio acid 


H 
ami 


A mm onium oxyamido 
sulphonic acid 


Hydrazine 

sulphate 


3. Hydrate Isomerism. 

Closely related to cojicrdination isomerism is a type which has 
been called “Hydrate Isomerism.” Isomers of this type contain 
]\water molecules dififerently combined in the complex radicles. 

The most beautiful example of hydrate isomerism is that 
furnished by chromium chloride. Three different hydrates of the 
formula CrCIa -f eH^O are known. One is greenish-blue, which 
dissolves giving a blue-violet solution, and two are green, which 
dissolve yielding green solutions. The greenish-blue and one of 
the green chlorides have been examined by Gubser^ and the 

* Hantzsch, ibid.., 19, 106j(1890), 

* Hen, 84, 1601 (1901). 
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author, and the remaining one Bjerrum ^ discovered and described. 
In the aqueous solution of the greenish-blue chloride all three 
chlorine atoms are present as ions. This is shown by its electrical 
conductivity, cryoscopic determinations, and by its behaviour 
towards silver nitrate. This chloride consequently has the follow- 
ing formula ; [Cr(OH2)JCl3, and is completely analogous in its 
behaviour to hexamminechromi chloride, [Cr(NH3)JCl3. In the 
solution of Bjerrum’s chloride only two chlorine atoms are ionized, 
for it is only possible to precipite two-thirds of the chlorine with silver 
nitrate from a freshly prepared solution which has been acidified 
with nitric acid. The formula of this chloride is consequently 


On the other hand, a freshly prepared solution of the author’s 
green chloride contains only one ionized chlorine, and hence, bear- 
ing in mind the results obtained from the study of the metallic 
ammino-compounds, the following formula has been given to this 
chloride : 



The position of the two extra molecules of water has been 
determined from the ease with which they leave the molecule ; from 
the fact that this exit does not affect the properties of the complex ; 
and from the fact that the bromide of this chloride. 



does not contain these extra molecules. 

The following facts, then, have been determined. They cannot 
be linked to the dissociated chlorine ions, for derivatives of the 
chloride in which chloridion has been replaced correspond to the 
formula : 

Koh.), + 

Hence, although they do not exercise the same functions as the 
water in the hexahydrochloride, yet they must in some way belong 
to the chromium complex. Moreover, when it is borne in mind that 


» Ibid.^ 89, 1599 (1906) ; and also Bjerrum, Studier over Kromiklorid 
(Kopenhagen, 1907). 
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the green-blue chloride has not superfluous water, that the chloride 
of Bjerrum has one extra molecule, and that the author’s green 
chloride contains two extra molecules, then we arrive at the con- 
clusion that the water molecules are linked to the non-ionized 
chlorine. The isomerism between the three chlorides therefore 
receives the following expression : 


[Cr(OH,)JCl3 

Blue hydrate of 
chromium chloride 


Fq Cl . HgOlQj 
Bjerrum’a chloride 


Cl . H,Ol 
CrGl.K.O Cl 
(OH,), . 

Green hydrate of 
chromium chloride 


Similar relations are observed between the two hexahydrates of 
chromium bromide. The one has a blue and the other a green 
colour. Silver nitrate immediately precipitates all the bromine 
from the blue salt, while from a solution of the green bromide it is 
only partly precipitated. The isomerism in this case corresponds 
to the formulas : 


[Cr(OH,)JBr3 

Hexaquochromibromido 
Blue salt 






Br 


Dibromotetraquochromibromido 
Green salt 


The following difficultly soluble derivative * of the green series 
has been prepared : 



+ 2H,o]'[coP»^]' 


Hydrate isomerism is known also amongst the metallic ammino- 
complexes. Examples of this are ; 


[h2co(nh„)Jci, 

Chloraquotetrammincobalt- 
ohioiide ^ (violet) 


[C1,Co(NH3)JC1 + HP 

Diohlorotetrammincobalt- 
chloride ^ (green) 


/ [(Hp'5;C°(NH,)3]Br, 

Chlorodiaquotriamminc obalti 
bromide * (violet) 


[bf • 

Ghlorobromoaquotriammin- 
cobalti bromide ♦ (brown) 


* Werner, AimaleUt 322, 296 (1902). 

* Z6r%QxxB&n, Zeitach. anorg. Chem., 17, 405(1898); Werner and Klein, ihid., 
14 , 82 (1897). 

* Ber., 84, 1687 (1901). 

* Werner and Griin, ibid., 37, 4701 (1904). 
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[HSco(NH3),]Br, 

Chioroaquotetranuniu- 


cobalti bromide * 
(violet) 


[Br.,Co(NH3)JCl + H^O 

Dibromotetraromin- 
cobalti chloride ^ 

(deep green) 


In the compounds in which the water is without the bracket, 
one acidic ion belongs to the complex ; but in those compounds in 
which the water is within the bracket, the complex possesses two 
acidic ions. The last pair of these examples is of interest because 
they are also examples of the type of isomerism to be discussed next, 
i.e. Ionization isomers. 

Pfeiffer lias drawn attention to the following group of isomers r 


+ 2H.0 and [Br.Cr^J^^^jBr + 
[cLCr^^lj^^Jci and [ci.CrJ^J 




[en^Cr^^'^^’-’jBrs and [eD 2 Cr(OH 2 ) 2 ]Br 3 " 

* Pfeiffer, Zeitsch. anorg. Chem.y 68, 322 (1908). 


An interesting case of isomerism exists between the two salts ; 

+ 3H,0« and MgHPO, -f H^O « 

® Schwarzenberg, Ann. Cliem. Pharm.y 66, 146 (1848). 

« A. de Schulben, Compt. rend., 100, 877 (1885). 

The former salt gives up all its water at 100°, while the latter at 
this temperature loses none. 



4. Ionization Metamerism. 

A peculiar type of isomerism, often met with in the metallic 
ammino-complexes and to be expected amongst the hydrates, is 
that in which compounds of the same composition yield different 
ions in solutions. Thus, two compounds are known which have 
the molecular formula Co(NH 3 )flBr . SO4, and are consequently to be 
looked upon as formed by the addition of five molecules of ammonia 
to cobaltibromo sulphate. But in solution they are quite different. 

' Jorgensen, J. pr. Chem., (2) 42, 216 (1900). 

2 Werner and Wolberg, Ber., 38, 992 (1905). 

3 Ibid., 39, 1879 (1906). 
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The one is a reddish-violet colour, and gives in a freshly pre- 
pared solution no reaction for bromine ions, but does for the 
sulphate ion. On the other hand, the solution of the second red 
salt gives the reactions of bromidion, but not of the sulphate ion. 
Double decomposition with metallic salts and acids proves con- 
clusively that solutions of the former compound contain the 

[ Br 

CO(j^g- ^ j , while solutions of the latter contain 

[ SO 

^®(NH ) J 

The following are further examples of this type of isomerism : 



Broiuopentammincobalti 
sulphate ^ 
(reddish-violet) 



Nitratopentammincobalti 
sulphate ’ 

Bromopentammincobalti 
oxalate ^ 



Sulphatopentammincobalti 
bromide ^ 

(red) 



Sulphatopontammiucobalti 
nitrate ^ 



Oxalatopoutammincobalti 
bromide * 


[oJJco(NH,),]ci 

Chloronitrotetrammincobalti 
chloride ' (red) 


[C),Co(NH,)JNO, 

Dicblorotetrammincobalti 
nitrite ^ (green) 


[ 


O^j^CoeiLjJci 

Chloronitrodiethylenediamin- 
oobalti ohlorlde * (fire-red) 


[Cl,Co eaJNO, 

Diohlorodiethylenediamin- 
cobalti nitrite'^ (green) 


* Jorgensen, J.pr. Ch&m., (2) 19, 49(1879). 

» Jorgensen, ibid., (2) 81, 262 (1885). 

* Jorgensen, ibid., (2) 23, 227 (1881). 

* Jorgensen, ibid., (2) 31, 262 (1885). 

® Jorgensen, ibid., (2) 19, 49 (1879). 

* Jorgensen, Zeitach. anorg. Chem., 11, 418 (1696). 
» Jorgensen, ibid., 17, 468 (1898). 

* Werner and Klein, ibid., 14, 83 (1897). 

* Werner, Ber., 84, 1733 (1901). 

Jorgensen, J.pr. Chem., (2) 39, 1 (1889). 
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[ 


Cl 

0,N 


Co en J NO 


[(OgNjgCo ensICl 


Chloronitrodiethylenediamin- 

cobalti nitrite * 

(red) 

C] 


[ 


OoN 


] 


Coerio SCN 


Cbloronitrodietbylcne- 
diaminecobalti- 
tbiocyanide ^ 

(red) 


Dinitrodiethylenediainin- 

cobalti chloride ^ 
(yellowish-brown) 

[Ncs^ r cj 

[o^N Coen^JCl 

Thiocyanatonitro- 


Co enajlTO 


diethyienediamine- 
cobaltidichloride ^ 
(red-brown) 


[g®Pt(NH3),]sO, 

Hydroxocblorotetrammin- 
plate sulphate ® 

/ [CLrt(NH3) J Br^ 

Dicblorotetranaminplate- 

bromide 


[ncs 

Cblorothiocyanato- 
dietbylenediamine- 
cobalti nitrite * 
(brownish-violet) 


[5sPKNH3)Jci 

Hydroxosulpbatotetrammin- 
plate chloride ® 

[Br,Pt(NH3)JCl3 

Dibromotetramminplate- 
cbloride ® 


[0,S . Pt(NH3)J(OH), 

Sulpbatotetramminplate- 
bydroxide ® 

/ [BraPt(NH3)jSOj 

Dibromotetramminplate- 
sulpbate ® 


[(HO),Pt(NH,,)JSO 

Dibydroxotetraniminplate- 
sulphate ® 

[SO,Pt(NH3)JBr3 

Sulpbatotetramminplate- 

bromide® 


6. Salt Isomerism/ 

It is to be expected that the salts of tautomeric acids should 
appear as structural isomers ; provided only that, like the organic 
esters of such acids, they do not dissociate electrolytically. Thio- 
cyanic acid belongs to this group of acids and, as is well known, 
gives rise to the isomeric esters : 

R.SCN and SCN.R. 

Corresponding to these esters there exists two series of salts : 

Me.S and SCK.Me 

The first example of this type of isomerism was observed amongst 

* Werner, loc. cit. 

2 Ibid. 

’ Ibid. 

* Werner and Gerb, Ber.^ 34, 1739 (1901). 

* Werner and Br'aunliob, Zeitsch. anorg. Chem., 22, 154 (1899). 

® Cleve, K. Sv. Vet, Akad. Handl., 10, No. 93. 

' Werner, Ber.,40, 765 (1907). 
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the dithiocyanatodiethylenediamine cobalt salts. Two series of 
these salts are known : 


[ 


Coeno X 




NCS 
NCS 

Normal dithiocyanato- 
diethylenedi amine- 
cobalt salts * 


and 


rSCN.^ 

[son • 

Diisothiocyanato- 
diethylenediamine- 
cobalt salts ^ 


Their constitution may be satisfactorily determined from their 
oxidation products. The action of chlorine or bromine in the 
presence of water completely oxidizes the thiocyanide residue in the 
first salts, but, on account of its being more firmly linked to cobalt, 
the mthiocyanide residue, in the second salt, is unaffected by these 
reagents. It is interesting to note that just as the thiocyanide 
esters may be transformed into mustard oils, so is it possible to 
transform the dithiocyanato salts into diisothiocyanato salts. This 
transformation is brought about by repeatedly evaporating to dry- 
ness the aqueous solution of the salt, but not by simply heating a 
solution. A solution may be heated as often as desired without 
/ any change being noticeable. 

Another case of salt isomerism the author and Zinggeler ^ were 
able to prove exists among the nitrothiocyanatotetrammincobalti 
salts. 

If chloronitrotetrammincobalt chloride ; 

[SoCo(NH.).]01 

is treated with potassium thiocyanide there results, as the author 
together with Klein has shown, a series of nitrothiocyanato- 
tetrammincobalti salts in which the thiocyanide residue is linked to 
cobalt by sulphur. On the other hand, if diaquotetrammincobalti 
salts, [(H.,0 ),Co(NH 3)JX, are treated with ammonium thiocyanide, 
a series of thiocyanatoaquotetrammincobalti salts are obtained, 

' Ko ; Co(NH 3 ).]x 

in which the thiocyanide residue is linked to cobalt by nitrogen. 
Now, if a nitrite group is introduced into this complex, a compound 

* Werner and Braunliob, Zeitsch. anorg. Ghent., 22, 141 (1899). 

* Werner and Br'aunlich, i6id., p. 127. 

* Zinggeler, tfber Rhodankobaltsalze, IHssertation, Zurich, 1902, 

* Zeitsch. anorg. Ghent., 22, 91 (1899) ; and Werner, Ber. 40, 774 (1907). 



250 /VSPP^ IDEAS ON INORGANIC CHEMISTRY 


results which is isomeric with Klien’s, and which on oxidation yields 

nitropentammin salts.* 'I'he isomerism in this series corresponds to 
the following formula : 


[nos : Co(NH3)Jx 

Nitrothiocyanato- 
tetrammincobalt salts 
(brown) 

(Klein’s series) 

[son : Co(NH,)Jx 

Isothiocyanato- 
tetrammincobalt salts 
(yellowish -red) 
(Zinggeler * series) 


yields on 
oxidation 


[°a^o(NH,)Jx 

Chloronitro- 
tetrammincobalt salts 


yields on T * Pn^TT \ 1 V 

oxidation 

Nitropentammin- 
cobalt salts 


It is important to note that oxidation with chlorine and bromine 
can always be used to determine the constitution of those metallic 
thiocyanides which yield metallic ammino-complexes which are stable 
towards acids. By using this reagent it was possible to prove that 
in the thiocyanides of chromium and platinum the thiocyanide 
residue is linked to the metal by sulphur, while, on the other hand, 
in the salts of thiocyanato-pentammin cobalt the residue is linked 
by nitrogen. Up to the present among the cobalt salts the following 
t^nthiocyanides are known : 

* [S^Nco(NH3)Jx, ^ [SJNco(nH3),]x 3 
[son • ®“Jx * and ! Copn^Jx = 

and the following thiocyanides : 

[N<gCoen,]x 3 [ O^Co(NH3),]x ’ and [^gfcoenjx^ 

» Werner and Miiller, Zeitsch. anwg. Chem.y 22, 101 (1899) ; Werner, Ber., 
40, 767 (1907). 

2 Werner, Bcr., 40, 774 (1907). 

® Werner, ibid. 

* Werner and Braunlich, Zeitsch. anorg. Chem.y 22, 127 (1899). 

® Werner and Dave, BeT.y 40, 789 (1907). 

® Werner, ihid.j p. 768. 

^ Werner, ibid. , 

• Werner and Braunlich, ZeitsAi. anorg. Ghem., 22. 127 (1899) ; Werner, 

Ber., 40, 766 (1907). 


> Ber., 40, 767 (1907). 
2 Ibid., p. 774. 



THE CHEMICAL COMPOUNDS 


251 


Hantzsch' observed in the mercury salts of cyanuric acid iso- 
merism of this type, and he therefore formulated the isomers as 
follows : 


N 


HgAOc/'^CO . Hg/ 


c 

o 

HgA 

Oxygen salt 


Hg/. 

N 


OCj^CO 

Hg/. . nMn . Hg/, 

o 


Nitrogen salt 


I The oxygen salt is the product of the action of mercuric acetate 
or chloride on an aqueous solution of sodium cyanurate. The 
nitrogen salt is produced, as an anhydrous salt, when the free acid 
and these salts of mercury come together in solution irrespective of 
^ the temperature, but if the reaction is carried out at 100°, and 
alkali cyanurates replace the free acid, then the nitrogen salt is 
obtained as a dihydrate. 

The difference in the two types of salt is seen in their behaviour 
/ towards alkali ; the oxygen salt is immediately decomposed into the 
oxide of mercury and the alkali cyanurate, while the nitrogen salt 
is unattacked. 

The oxygen salt is the unstable form and may be transformed 
into the nitrogen salt. 

Nitrous acid, just like thiocyanic acid, forms salt isomers. 
Jorgensen, when working on the nitropentammiucobalti salts, 

was the first to notice that such isomers exist. When these salts 
are produced from the aquopentammin salts intermediate ones are 
produced which are coloured a chamois-yellow, and which have been 
called the woxanthrosalts, but the latter salts were so unstable that 
they could not be examined. The author,* however, was able to 
prepare a more stable series of salts, corresponding to the tsoxanthro 


‘ Ber., 86, 2717 (1908). 

• Jflrgenson, Zeitsch. anorg. Chein., 6, 168 (1893) ; 19, 149 (1899) ; Werner, 
Bw., 40, 768 (1907). 

* Werner, ibid. 
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type viz. two stereoisomeric series of dinitritodiethylenediamine- 
cobalti salts and one of dinitritodipyridinediamminecobalti salts : 


[ 2 ; [J- gggcoenjx 

and 

L0N0^°Py, JX 

isomeric with the nitro-series ; 


[ 2 . O'ljc’oenjx [J- g^^X(.^en,]x 

and 

ro^N (nh3),-| 


The isomers are different in colour, those of the latter series 

are yellow to yellowish-brown, while those of the former are brick- 

red. The difference between the series is again brought out by 

their behaviour towards mineral acids ; for the former series are 

decomposed by acids, nitrous acid being liberated, while the latter 

are quite stable. The nitrito-salts are the labile isomers. For on 

keeping, most of them are completely transformed within forty-eight 

hours, and on heating to 60° to 70° the transformation is very soon 
complete. 


6 . Structural Isomerism. 

Some workers look upon nitramide and nitrosohydroxylamine 
as inorganic structural isomerides : 

H.,N . and H. 


Nitramide 


HO . N . NO 

Nitrosohydroxylamine, 
identical with 
hyponitrous acid 

Hantzsch ^ conceives these to be stereoisomers, thus : 


HO— N 


N— OH 


and 


N— OH 


N— OH 


A very pretty example of structural isomerism was discovered 
3y Haga ^ and shortly afterwards by Raschig. The hydrolysis of 

EISO3 . ON ] produces salts with the formula RSO3 . O . NH 

SO3R, which are called hydroxylamine-a-;S-disulphonates, and are 

/SO3R 

someric with the fi-i3-disulphonates, HO — N\ > which have 

\SO3R 


ong been known. 


^ Annalen, 292, 340 (1896). 
2 Trans., 89, 240 (1906). 



THE CHEMICAL COMPOUNDS 253 

The following salts have been described : 

KO3S . 0 . NH. SO3K, NHAS.ONH. SO3NH,, KO3S . 0 . NK . SO3K 
+ 2 H, 0 , NaOgS . 0 . NH . S03Na and NaO^S . 0 . NNa . SO^Na 
+ 2H2O. 

The following salts are, according to Rosenheim and Meyer, ^ to 
be considered as structural isomers of thiourea and ammonium 
thiocyanide : 

[(NH2),CS]2.Hg(SCN)2 and (NH,SCN)2Hg(SCN)2, 
[(NHJ^CS]^ . Co(SCN), and (NH^SCN^CoCSONX, 
[(NH2)2CS]2.Zn(SCN)2 and (NH,SCN)oZn(SCN)2. 


7. Stereo-isomerism. 

(a) Development of Space Formulae. 

Hydrates, metallic ammino-complexes, and many complex salts 
contain the radicle MeRg, in which the six groups are bound 
directly to the central atom. Compounds containing this radicle 
appear as isomers, and the only way of explaining the experimental 
facts is by the help of a space formula. If the radicle is represented 
by a plane formula : 

R 

R\ I yR 

>Me< 

R/ I \R 

R 

then, by substituting R' for R and thus obtaining the radicles 

Me^'2 and Me®'’ 

there ought to be produced the same number of di- and tri- 
substitution-products as in the case of benzene, i.e. three isomers. 
Up to the present, and in spite of much careful work, it has been 
found impossible to obtain three isomers. More than two have 
never been obtained. These facts are best explained by assum- 
ing that the groups are placed around the central atom at the 
I cornerg of a r egular octahedron. Thus, the hexammincobalt 
salts [Co(NHaJa]X3 would be represented by the formula : 


* ZeiUch. anorg. Chem., 49, 28 (1906). 
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NH3 


H,N 


NH 


3 


H3N, 


Co 


X 


NH 


NH. 


Hexammincobalti salts 

The following spacial formulae are given, therefore, to the com- 
pounds resulting from the successive losses of ammonia. 

In acidopentammin salts : ^ five of the corners of 

the octahedron are occupied by ammonia, and the sixth by an acid 

residue. Since all the corners of the octahedron have the same 

value, no isomeric compounds are to be expected, a fact expressed 
by the formula : 


X 


H,N 




NH3 

Acidopentammincobalti salts 


But should a second acid residue be introduced into the acido- 
pentammin salts, then two compounds are obtained which can be 
represented by the following spacial formulas : 
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From this it follows that compounds containing the complex 
radicle : are to be expected in two isomeric forms. 


This theoretical deduction has received so much experimental 
confirmation that the accuracy of this spacial formula is no longer 
open to doubt. This type of isomerism is comparable to the geo- 
metrical isomerism of the ethylene-compounds. The isomerides 
with X at the ends of an axis of the octahedron correspond to the 
<ran«-forms, while those with X at the corners correspond to the 
cw forms. This is easily seen on comparing the formulae : 



i 

* 



Tra/n$-iorm 



Axial form 



Cis-form 


Xv .NH3 

>Co:" 

X/ 

Corner form 


Inorganic stereo-isomerism of this description has been proved 
to exist a mongst the cobalt, chron^m, and platinum salts. The 
first example was discovered by Jorgensen, who prepared two 
isomeric series of dichlorodiethylenediamine cobalti salts of the 

formula J^Co^^jx. He, however, supposed them to be structural 

isomers. The author, from a thorough examination of these salts, 
and because he was able to prepare many additional examples of 
isomerism, considers them to be stereo-isomers. 


(b) Stereo-isomeric Cobalt Compounds. 

1. Review. 

The following cobalt salts, containing the radicle Co:^\ have 
been proved to exist in two isomeric series : 


1. [(0,N),Co(NH3),]X » 

2. [(O.S),Co(NH3)JR 


3. 

4. 


[CI2C0 en,]X 

[oS 


X 


Gibbs, Proc. Amer, Acad.^ 10, 2 (1876) ; Jorgensen, Zeitsch. anorg. Client,, 
6, 162 (1898). 

* Hofmann and Reinsoh, ibid., 16, 889 (1898) ; Werner and Gruger, ibid., 

p. 412. 

* Jorgensen, J.pr. Chem., (2) 41, 440 (1890). 

* Werner and Gerb, Ber., 84, 1739 (1901) ; Werner, ibid., p. 1733. 
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5. 

6 . 

7 . 

8. 


I 


en^ X 


roN. 

Lon • o 

[(O.N)3Co en2]X2 

[BrCo eriajX ® 


9. [(H20)2Coeii2]X3'‘ 

10. [(H3N),CoenJX3« 

11. [Cl^CopnaJX^ 

12. [Cl2Co(NH3)JX « 


^ Werner, 40, 779(1907). 

2 Werner and Humphrey, ihid., 34, 1720, 1726 (1901). 

® Jorgensen, loc. cit. 

^ Werner, Ber., 40, 272 (1907). 

* Werner, ibid., p. 262. 

® Werner, Amialen, 351, 65 (1907). 

^ Werner and Frohlich, Ber., 40, 2225 (1907). 

« Werner and Klein, Zeitsch. anorg. Chem.y 14, 28 (1897) ; Werner, Ber.. 40. 
4817 (1907). 


The isomerides in this series are chemically similar, for only one 
of the three acid residues is an ion. They differ, however, very 
characteristically in their colour • the dichloro and the dibromo 
salts of one series are green (the praseo-salts), those of the other 
are violet (violeo-salts). Since stereo-isomerism originally was 
observed only in those compounds which contained ethylenediamine, 
the opinion was expressed that the isomerism in these salts was 
due to the presence of the organic residue. The author, however, 
has been able to show that isomerism exists among the simple 
salts [C]2 Co(NH 3)JX, in which a structural difference is excluded. 
In this way the accuracy of the stereochemical formul© of such 
salts has been proved decisively. 


2. Determination of Configuration. 

As has been pointed out already, the octahedral configuration of 
the cobalt isomerides corresponds, with reference to those groups 
which determine the isomerism, to the space formula of ethylene 
isomerides, e.g. maleic and fumaric acids : 

A. /X Xv /A 

>Me< >Me< 

A/ \X A/ \x 

H\ ^OOH 

>C.<( 

H/ \COOH 

Now, one of the most important methods by which the con- 
figuration of organic geometric isomers is determined depends upon 






V 




I 
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e property of the c/s-isomers of forming ring derivatives or- of "y ’ 

their production from such. The /mHs-forms do not give this 
reaction. 

It was tiierefore to be anticipated that a similar difl’erence 
would exist between the inorganic isomers. An examination con- 
firmed this expectation, for it was found possible by a similar 
means to prove the configuration of the stereoisomeric cobalt salts. 

The results of prolonged work of this description proved that 
the number of members in the ring have exactly the same influence 
on their formation in inorganic complexes as in organic compounds. 

Thus, it has been shown that ethylenediamine, propylenediamine, 
and trimethylenediamine form cobalt ammino-complexes very 
easily \ but, on the other hand, tetramethylenediamine and penta- 
methylenediamino are unable to do so. 

The steric cause of this is clear when the formulae of the 
resulting atomic combinations are placed next one another : 

yNHg— CH, ..NH2— CH.CH, . NH,-CH. 

Co', I Co.' I Co-: 

NH,— CH, 'NH2— CH, NH.,— CH, 


1 


CH, 


In these cases rings containing four or five members are 
produced, while from tetramethylenediamine upwards rings must 
result which contain still more members, for the formation of 
which, as is well known, carbon compounds have no tendency. 
Similar observations have been made by Pfeiffer,^ and lately also 
by Tschugaeff,^ when preparing polymethylenediamine salts of 
nickel. Further support is obtained for this theory from the great 
stability of the dipyridyl- and o-phenanthrolino metallic compounds, 
which have been examined by Blau ; ^ from the ease with which 
inorganic acetylacetonates are formed, the silicon and boron deriva- 
tives of which Dilthey^ has examined; and, finally, from the 
behaviour of the metallic isobutyradines, which Piloty and Schlenk^ 
have worked on. Everywhere it is found that the formation of 
rings in inorganic complexes conforms to the same laws which control 
their formation in the carbon and nitrogen compounds of organic 

‘ Per., 36, 1065 (1903), 

* 26id., 89, 3197 (1906). 

» Mmiatsh., 19, 670 (1898). 

* AnnaUn, 841, 800 (1906). 

Metall-Uobuiyradine und ihrc Salze. Inaug. Dissertatwn 
Munich^ 1905, ^ 
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chemistry. From this it may be concluded that spacial considera- 
tions play the same part in the formation of inorganic compounds 
as in the organic molecule. Hence it is highly probable that in 
carbonate-, oxalato-compounds, etc. : 


Ov yO—CO 

A,Me< >CO and | 

0/ \0— CO 


the oxygon atoms directly linked to the metallic atoms are not in 
the axial (/.c. trans) position on the octahedron, but rather in the 
corner (cis) position. In support of this, it may be mentioned that, 
in spite of many attempts, it has never been possible to prepare 
stcreoisomeric carbonate- or oxalato-salts. Consequently the 
carboiiato-compounds can be considered as ciVcompounds, and as 
the starting-point configuration determinations. The author has 
used for this purpose the cobalt carbonato-salts and also the diol- 
octamminedicobalti salts, which likewise belong to the c/s-compounds. 
On treating the latter with hydrochloric acid, 1, 2-dichlorote- 
trammin salts (violco) are obtained, and these, in their turn, when 
treated with sodium nitrate, yield 1, 2-dinibrotetrammiu salts 
(flavo). The latter, however, may be obtained directly from the 
carbonatotetrammin salts. The following diagram makes these 
genetic relations clear : 


UC 


O 


O 


/ 


/ 


Co(Nir,), 


X 


Carbonatotetrammiucobalti salts 




/ 


/ 


■g^^;Co(NH,b]x 


stereoisomeric 

with 




1, 2-dinifcrotetrammin salts- 1, C-dinitrotetrammin salts* 

(Flavo salts) (Croceo salts) 

t . . '1' 

stereoisomeric 


[g}co(NH,).]x 

1, 2-dichlorotetrammin salts* 
(Violeo salts) 


with 


rg}Co(NH,).]x 


1, 6-dichlorotetrammin salts * 
(Praseo salts) 


’ Jorgensen, Zeilsch. aneng. CJiem., 2, 282 (1892). 

^ Jorgensen, ihid.j 5, 162 (1893). 

3 Gibbs, Proc. Aincr. Acad., 10, 2 (1875). 

* Werner, Ber., 40, 4817 (1907). 

* Gibbs and Gentb, Bcsearclies on the Am. Cvh. Bases, pp. 13 and 52 (185 ) , 
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Octammiu-diol-dicobalti salts * 


The carbonato-compounds also served as the starting-point for 
the ethylenediamine isomerides. The table on p. 260 gives expres- 
sion to their genetic relations. 


(c) Stereoisomeric Chromium Compounds. 

(1) Review. 

Pfeiffer and his pupils ^ have discovered isomers among the diethy- 
lenediaminechromium compounds which are completely analogous 
to those of the cobalt compounds. On treating potassium chromium 
thiocyanide with ethylenediamine two isomeric series of dithio- 
cyanatodiethylenediaminechromi thiocyanides are produced. From 
these, by replacing the thiocyanide residue by other groups, new 
isomers may bo obtained. The following series of compounds 
have been prepared in this way : 


LCLCren,]X,> [(NCS),Cr en,]X,’^ [Br,Cr en.,]X,- [(ILO),Cr en,]X„ 


[ 


HO 

ILO 


Cr en 



» 7?cr., 37, 4255 (1904). 

= Zeitsch. anorg. Chcm.^ 66, 279 (1907). 
^ Ibid.y p. 261. 


(2) Determination of Confujuraiion . 

Pfeiffer has determined the configuration of these i.somer.s by 
making use of their genetic relations to the oxahito compoujids : 


OC— O 
I >Cr en.. 

b-o/ 


o 


X 


or to the tetraethylencdiamine-diol-dichromium salts : 




OH. 

OH- 


Cr en., X 




Rose, Unterstich, Hber ammoniakalische Kobaltverb., Heidelberg, 1871, p. 44 ; 
Vortmann, Der., 10, 1454 (1878) ; 16, 1892 (1882) ; Werner and Klein, Zeitsch. 
anorg. Chem.t 14, 33 (1897). 

* Werner, 40 , 4434 (1907). 
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Both these salts, for reasons already discussed, are to be considered 
as cis-compounds. From these compounds only the violet dichloro- 
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and dibromo-salts have been prepared, the green isomers have been 
obtained by other methods. The violet salts must be consequently 
the cis-isomers, and it is very interesting to note that the stereo- 
isomeric chromium salts have exactly the same colours as the 
corresponding cobalt isomers. The table on p. 262 brings out the 
genetic relations between the stereoisomeric chromium compounds. 


(d) Stereoisomeric Platinum Com^pounds, 


1. Compounds of Tetravalent Platinum. 

Stereoisomerism is also to be found amongst the platinum 

aramino-complexes. For two salts of the formula (HaN) 2 ptCb ‘ 

exist, viz. platinammin- and platinisemidiammin-chloride. Both 

of these compounds must have the constitution expressed by the 
formula : 



because neither of them contain ionic chlorine. Consequently, since 
structural isomerism is impossible, and since they do not belong to 
any of the other classes of isomerism already discussed, it follows 
that they must be stereoisomers. Moreover, they contain the 

characteristic radicle of stereoisomers, viz. Me^X The isomerism 

of these compounds is therefore expressed by the following spacial 
foiinulflB : 

Cl NHg 



Cl NH3 


The platinammino-compounds are most probably represented 
by formula II., while formula I. will be that of the platinisemi- 

diammin-compounds. 


* Werner, Lehrbuch dcr Stereoctiemie, p. 849 ( 1904 ). 

s 3 
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2, Compounds of Divalent Platinum^ 

(a) General. 


As has been pointed out in the foregoing pages, a great many 
inorganic compounds exist in which the radicle MeEj plays the 
same part as the radicle MeRg in other compounds. Stereoisomeric 
derivatives of the radicle MeR^ are known, and their special 
configuration is deduced from the following considerations. 

If the groups in the radicle are symmetrically disposed in space 
as in carbon compounds, i.e. at the corners of a regular tetrahedron, 
isomerism would only be possible when all four groups are different. 
If, on the other hand, all the groups are in the same plane as the 
central atom, then isomerism is to be expected when one pair of 
groups are different from the remaining pair. The radicle would 


then be represented 
the special formulm : 



the formula Me 



, and the isomers by 



The isomerism of the divalent platinum compounds is explained 
by this latter hypothesis. For two series of isomeric platinum com- 
pounds are known, which correspond to the general formula 
(Hj 5 N)aPtX 2 ,^ the chemical formation and physical behaviour of 
which prove that both compounds must have the same structural 
formula, viz. : 

/X 

'>Pt< 

\X 


The names platosammin- and platosemidiammin have been given 
to the two series of salts, and the isomerism between, say, the 
chlorides is expressed by the following spacial formulte : 

HgN-, /Cl H,N-. /Cl 

>Pt^ and >Pt^ 

H 3 N' \Cl Cl/ NH 

I. II. 

The similarity between these formulae and those of the ethylene 
geometrical iaomerides is obvious, and hence formula I. is the cia- 
oonfiguration and formula II. the <ra 7 w-configuration. 


* Werner, loc. cit., p. 838. 
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(i) Review of the Stereoisomeric Compounds of Bivalent Platinum. 

The number of isomerides belonging to this group is very large.' 
Consequently only the most interesting groups will receive mention. 

When chlorine is substituted by the residue SO:,H, the isomeric 
compounds corresponding to the formulje 



are obtained. 

The same isomerism as is exhibited between semidiammine plato 
salts and platosammin salts is to be found among the phosphine-, 
the alkylsulphide-, and the alkylselenideplato-compounds. Rosen- 
heim and Levy * have been able to prepare geometrical isomerides 
of this class from the phosphorustrichloroplato chlorides, thus : 


CL and 


■ 


The platodiammin compounds form the second group of ammino- 
plato compounds in which geometrical isomerism has been observed . 
The isomerides in this group are represented by the following 
spacial formulse : 

"H^N Ami THjN'. . Am "I 

':Pt< X., and '>Phr X.> 

_Hy]Sr ' AmJ L Am •' MSTHJ 


These isomerides are formed by the substitution of two amine mole- 
cules for the acid residues in the platosemidiammin and platos- 
ammin salts. This process confers upon the acid residues ionic 
properties, and therefore the amine molecules must take up the 
position in the complex originally occupied by the acid residues. 

The ctVisomeride is prepared by the action of pyridine on 
platosemidiammin chloride,^ thus : 



+ 


rHgN. /Pyl 

2Py = >PK' 01 , 

H3N/' ''Py 


cis-form 


* A list of these compounds is given in the author’s book on Stereo 
chemistry, p. 338. 

3 Zeitsch, anorg. Chem., 43, 34 (1904). 

3 Jorgensen, J.pr. Cliem.^ 33, 610 (1886). 
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while the /rans-isomeride is prepared from the platosammin 
chloride : 


PT.N. /Cl 

;Pt<: + 2 Py = 

Q\^ '‘NI-T. 


H.N, Py -I 
:Pt Cl. 
L Py"' ■ NHJ 

/rons-form 


The number of isomerides belonging to this class is also voi y 
large, for no fewer than nine series of isomeric salts are known, e.g. 
two isomeric series of dipyridinediamminplato salts, of dianiline- 
diamminplato salts, of diethylaminediamminplato salts,^ etc. 


(c) Further Stereoisomeric Comxtoumls. 

It is very probable that the isomeric salts of silicontungstic acid 
and tungsten silicic acid are stereoisomers.- Both acids are octabasic 
and have the following constitution : 


H., 0 ,\V 0 ,. WO... / 

>Si< 


0 . WO3 . wo.. . Jl 

O . WO3 . WO3 . H 


H O WO WO ' \ ^ H 

- * " \0 . WO3 . WO. . H 

They therefore have the following steric formulae : 

Cl) HO WO WO' /C . WO., . WO3 . H 
( 2 ) HO WO AVO \ ^ . WO3 . H 


and 


(1) H2O.WO3.WO3s, 
(6) H2O . WO3 . ^YO/ 


O . WO3 . WO3 . H 

'.Q. . 0 . WO3.WO3.H 
WO3. WO3.H 

O . WO3 . WO3 . H 


8. Valency Isomerism. 

Valency isomerism is brought about when it is possible for 
certain of the molecular components to be linked to a central atom 
by either of the types of valency. In one of the isomerides a 
certain radicle may be linked to the central atom by an auxiliary 
valency, while in the other isomeride the same radicle may be linked 
by a principal valency. On this account the author suggests that 
this type of isomerism be called “ Valency Isomerism.” According 

A Hat of those isomerides is given by the author in his book on 
Stereochemistry, p. S 42 . 

* llarignac, Ann. Chivi, Phys., (4) 3, 6 ( 1864 ). 
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to Sand * this type of isomerism is to found in the two series of 
nitrosopentammin salts, which correspond to the following bimole- 
cular formula : [(NO) 2 [Co(NH 3 )j] The salts belonging to one 

series aie black, while those belonging to the other are red, and 
their difference in constitution is expressed by formulae 


X,(NH,hCo 0 = X 

: and 

X2(NH3)5Co o = x 


X2(NH3hCov 

X,.(NH3hCo/ 


An examination of the isomeric series discovered by Jorgensen, 
_^'hodo ■ and erythro salts,^ has revealed that these salts are 
valency isomerides. From the results of experiment they have been 
given the following constitutional formulae : 


Cr(NH3)JX3 

^■OH 

Cr(NH3)3]X2 

Rhode salts 


Cr(NH3)JX3 

>0 . . . HX 

Cr(NH3)JX2 

Erythro salts 


The rhodo salts react neutral, the erythro salts strongly acid. 
On heating erythro bromide at 100^ for some time it is trans- 
formed into rhodobromide. From the rhodo salts basic acids may 
be obtained, which react strongly alkaline and on standing in 
solution pass into basic erythro salts, which display no further basic 
properties. 

These changes may l)e graphically represented as follows : 


Valency isomerides \ 


Cr(NH,)JX3 

^OH 

dr(NH,)JX, 

Rhodo salts 
(neutral) 

C.(NH3)JX2 
O • . • HX 

Cr(NH3)JX2 
Erythro salts 
(strongly acid) 


Cr(NH3)3]§|j 

^OH 

dr(NH3),]X, . 

Basic rhodo salts 
(strongly basic) 

Cr(]SrH3)JX. 

o 

Cr(NH3).JX2 

Basic erythro salts 
(neutral) 


* Ber., 36 , 1440 (1903) ; Sand and Genssler, Amtalefi, 329 , 194 (1903). 
« Jorgensen, J. C/iem., (2) 26,321, 398 (1882) ; (2) 46, 279 (1892). 

3 Jorgensen, loc. ci(. 
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A very interesting case of valency isomerism is to be found 
among the esters of sulphurous acid. The principal valency 
compounds 


/OCH3 

O— S<^ and 

\OCH3 


CH3 - 

O..S/ 

^OCH. 


have long been known, but the compound 

O /CH. 

O \CH, 

has been prepared only lately by Briner.^ 


9. Unexplained Isomeric Phenomena. 


Locke and Edwards^ state that potassium ferricyanide raa}’ 
appear in two isomeric forms, which differ from each other in their 
chemical reactions. This case of isomerism has received no further 
attention. A fresh examination is to be desired, since the observa- 
tions made by these workers are insufficient to class this isomerism. 

Howe* has lately drawn attention to the isomerism existing 
among the halogen salts of ruthenium. On boiling a very dilute 
solution of ruthenium chloride with hydrochloric acid and alcohol, 
making it alkaline, and then evaporating till crystallization sets in, 


deep red crystals of the formula 



Ho arc obtained. 


which at 


140^ lose their water. 

Both the hydrated and anhydrous aquochlororuthcniates are 
isomeric with the ordinary chlororutheniate. The corresponding 
aquobromorutheniates also have been prepared. The aquo-salts in 
solution are darkened in colour by the action of chlorine or iodine, 
and compounds with the general formula [HuX^JR,., e.y. [RiiC]fi]IL, 
are formed. These compounds are different from tho.se obtained by 
Antony* by melting ruthenium with NaOH and KCIOj, so that it 


appears that we have to do with a case of isomerism. 

A peculiar typo of isomerism has been observed by Jorgensen 


* Carius, AniuiUn, 110, 209 (1869) ; 111, 96 (1859) ; 114, 142 (1860) ; Rosen- 
beim and Liebknecht, Per., 81, 406 (1898) ; 88, 1298 (1905). 

* Briner, Arch. Sd.phyc. nat., Oct. and Nov. (1007). 

* Amer. Chem. J., 21, 198 (1898). 

* J. Amer. Chem. Soc., 26, 543, 942 (1904). 
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and Sorensen ^ when working on fcetrammineplato-tetrachlox*o- 
platoate. This salt is green in its usual modification, and is 
consequently known as the “ green salt of Magnus.” Under certain 
conditions Jorgensen and Sorensen have obtained it as a deep red 
coloured salt. It is not yet decided to which class of isomerism 
this phenomenon belongs. 

‘ Zeitsch. cuiorg. Chcvi., 48,441 (1906). 


THE END 
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